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new rugged local oscillator 


LOW GOST 
HIGH PERFORMANCE 
KLYSTRON KS9-40 


Engineers now have the opportunity of design- 
ing !ow cost radar receivers using a high quality 
local oscillator. This advance is made possible 
by the introduction of the Mullard X-band 
klystron KS9-40 which incorporates many fea- 
tures previously only available with much more 
expensive valves. Brief details are given here— 
for full information on the KS9-40 and other 
microwave valves contact Mullard at the address 
below. 


® Rugged 
Withstands 10g acceleration with a resultant 
maximum frequency modulation of 2 Mc/s. 


hanical tuni 9.3 to 9.5 Ge/s. 
ieee eelng range v1 ; ® Specified Noise Performance 


Typical a.m. signal to noise ratio greater than 


Typical operation k : ; : 
160 db per cycle of i.f. bandwidth for receiver inter- 


Frequency «..........scssseeeseeeerets worssoitasabads ieee O87. ...:-Gc/s mediate frequency in excess of 25 Mc/s. 

Resonator voltage ee Vv 

Resonator current .. MA ® External Tuned Cavity 

MEMECLONVONAQG colcc.s.c---s.4s-dc-sseoscccsvasoncescvie eV. This constructional feature isolates the tuning 

Electronic tuning range between half power cavity from the effects of variations of beam 
RUIN eo coca nnch <eneannoconserscee daaoane ... Mc/s : : 

Output power mW current and contributes largely to the high 


eR UL aun ata tole, kes 


ey oS Meee * 
aie 


ee GOVERNMENT AND 
#8@ INDUSTRIAL VALVE DIVISION 
™ 


7] 
\Re i ee; oY Sy 


C) 


frequency stability. 
@® Low Warm-up Frequency Drift 
3 Mc/s max. after first 5 minutes of operation. 
@ Good Altitude Performance 
Less than 1 Mc/s change from 0 to 30,000 feet. 
® Waveguide Output 
Incorporates a matching screw to ensure close 
tolerance power output. 


Mullard Limited Mullard House - Torrington Place - London - W.C.1 - Langham 6633 


@OMvT389b 
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Where great things are done 


with Microwaves 


RADAR: Fire Control - Navigation of Aircraft and Small Ships - Automatic Landing - Missile 
Guidance - Transponders > COMMUNICATIONS: Multichannel Radio Links for telemetering 
Data and Speech « VALVES: Klystrons and Magnetrons for 35/GCS and 75/GCS bands - Monitor 
Diodes for 1/GCS to 35/GCS » INSTRUMENTS: Comprehensive Waveguide measuring circuits 
covering 6 to 75/GCS * RESEARCH: Outstanding Research and Development of the latest techniques. 


COMMUNICATIONS DIVISION - RADAR DIVISION - VALVE DIVISION 
f= L | O TT MICROWAVE & ELECTRONIC INSTRUMENTS DIVISION - RADAR RESEARCH LABORATORY 


ELLIOTT BROTHERS (LONDON) LTD 


ELSTREE WAY, BOREHAMWOOD, HERTFORDSHIRE + ELSTREE 2040 
AIRPORT WORKS, ROCHESTER, KENT » CHATHAM 4/4400 


EY A MEMBER OF THE ELLIOTT-AUTOMATION GROUP 


Printed 
Circuit 
Counter 
Panels 


A complete range of transistorized counter 
panels of common size, fixing method 

and electrical connexion, designed to provide 
a flexible unit system 

whereby any special requirements 

in the counting or data processing fields 


can be quickly built up. 


A fully illustrated brochure giving 
complete performance and 
specification figures for 


every panel in the range is 


available on request. 
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50kc/s Scaler 


1Mc/s Scaler 

Input Amplifier 

Gate Unit 

10kc/s Oscillator 

1Mc/s Oscillator 

Power Unit 

50kc/s Read-out Scaler 
1Mc/s Read-out Scaler 
4 Channel Output Unit 
Read-out Unit 

Meter Display Unit 
Lamp Display Unit 
Numerical Indicator Tube 
Shift Register Stage 
Shift Register Driver 


RANK CINTEL LIMITED 
Worsley Bridge Road * London: SE 26 
HiTher Green 4600 


Sales and Servicing Agents: Atkins, Robertson & Whiteford Ltd. Industrial Estate, Thornliebank, Glasgow; 
McKellen Automation Ltd., 122 Seymour Grove, Old Trafford, Manchester, 16; 
Hawnt & Co. Ltd., 112/114 Pritchett St. Birmingham 6. 
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SIMPLE TO INSTALL 
No floor ducts. 


_ 


As 


SIMPLE TO OPERATE 
7 Fewer and positive controls. 
7 - Rapid and easy wave change. 
Full safety precautions. 


~_ 
—_ 
“ 


SIMPLE TO MAINTAIN 
Easy access to circuits. 
Easy replacement of 
components and. valves. 
Fewer valves. 


LOW COST 

Low initial and installation 
cost. Low running cost. 

Low floor space requirement. 


An important addition to the world’s most complete range of Broadcast Transmitter 


/ BD 22710 kW MF Transmitter General interior view 


Interior view 
ee : of final stage 
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BV ARCON] COMPLETE SOUND AND VISION SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAN 
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(1) Cabin Air Re-circulating Blower for Vickers Vanguard 
Aircraft. 9PL241-274 — Single Stage Blower fitted 
with specially designed self-cooled motor operating 
on 27V D.C. at a nominal speed of 7,800 r.p.m. 
Output 1200 c.f.m. at 15.25” s.w.g. Current input to 
motor 170 amps. Overall length of unit including 
tail fairing 163”. Diameter of Impeller 9.2”. Weight 
45 Ib. 

(2) Standard 6PL121-141 Single Stage Blower. 230V — 
1 ph. 50 cs. Performance 280 c.f.m. at }” s.w.g. Speed 
2,750 r.p.m. Power input 75 watts. Weight 11 lb. 
9 oz. Length 64”. Diameter of Impeller 6”. 

(3) SPL121-122 Single Stage Blower. 230V —1 ph. 50 cs. 
Performance 175 c.f.m. at 0.4” s.w.g. 50 watts input. 
Speed 2,700 r.p.m. Weight 6 Ib. 9 oz. Length 5}’. 
Diameter of Impeller 53”. 

(4) 4PL142-138 Two Stage Blower. 115/230V — 1 ph. 
50 cs. Performance — Output 60 c.f.m. at 0.4”. Speed 
2,720 r.p.m. Power input 90 watts. Weight 7 Ib. 
4 oz. Overall length 72”. Diameter of Impellers 4.3”. 
Used on ship-borne radio equipment. 


of blowers 


Light, compact, finely balanced and 
ruggedly built, Plannair Blowers have a 
weight/output ratio that makes them the most 
efficient in the world. 


In range, these Blowers and Wafters include 
models that will meet the most uncommon 
requirements of any type of installation where 
temperature or ventilation is to be regulated 
by the movement of air. 


Write for further details to: 


Ripe ie be Re id 


PLANNAIR 
Bg Ege En EO 


PLANNAIR LIMITED 
WINDFIELD HOUSE - LEATHERHEAD « SURREY 
TELEPHONE: LEATHERHEAD 409 1/3 & 2231 


PLA46 
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in the clear 


Any risk of damage by mechanical shock or impact, damp or exposure to climatic 
conditions is minimized when electrical components are encapsulated in Araldite. 
This range of epoxy resins provides excellent insulation and outstanding adhesion to 
metals, glass, ceramics, etc. used in the components of electrical and electronic 
circuits. Perfect hermetic sealing is thus ensured. Araldite can be employed at room 
temperatures if necessary, and whether cured hot or cold the shrinkage on setting is 
negligible. In addition to encapsulating components, Araldite offers great advantages 
in casting, sealing, surface coating, impregnating and laminating. May we send you 


more information on these remarkable resins? 


Photographs by courtesy of Norbury Watch Co. Ltd., Croydon. 


ARALDITE 


EPOXY 
RESINS 


Araldite is a registered trade name 


CIBA (A.R.L.) LTD. 
Duxford, Cambridge. 
Tel: Sawston 2 


AP 53 
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1:1 
Telegraph distortion 2:2 
6:1 
7:7 
in the speed range 40-400 bauds Q9S 

=) 
systems has led to the urgent need for suitable distortion measuring equip- 


ee 
ment. M.S. Type TCA1219, manufactured by A.E.I. at their Woolwich 
factory to a British Post Office design, enables distortion measurements to or any 


measurement 


Rapidly increasing international use of high-speed synchronous telegraph 


be made within 1% accuracy. The method of indication is by bright spots sin | @ 
on the circular time base of a cathode-ray tube. Screening and the fitting g 
of radio interference suppressors have been given particular attention. character 


| 
I 


Size | 17in. high x15in. wide 
x18in. deep 


Weight | 1101b. 


Power supply | 200/250 v. 50c.p.s. 


Power consumption | 170 w. 


ast experience in the science of telecommunications 


Telecommunications Division 
Transmission Department Woolwich London SE18 


Associated Electrical Industries Limited 


TA 3775 
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G.E.C’s outstanding contribution towards meeting the demand 


for new and-better telecommunications is clearly illustrated by the large and 


increasing number of V.H.F. radio equipments supplied throughout the world. | 


EVERYTHING FOR TELi 


THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLAND TE 


WORKS AT COVENTRY, LONDON, MIDDL 
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V.H.F. radio equipments now in production include : 


5-CIRCUIT RADIO EQUIPMENT. 
Provides five speech circuits, each transmitting the band 


300c/s to 3400c/s over distances of up to about 40 miles. 
9-CIRCUIT RADIO EQUIPMENT. 
Provides nine speech circuits, each transmitting the band 
.300c/s to 3400c/s with out-of-band signalling, 
over distances of up to about 40 miles. 
TRANSPORTABLE 5-CIRCUIT RADIO EQUIPM ENT. 


Ideal for temporary or emergency links. 


For further details regarding these equipments, please write for standard 
specifications SPO.5051, SPO.5060 and SPO.5070 respectively. 
GEC. 34 


is 
SOVENTRY, ENGLAND 
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For 
Ground, Sea and Air 


FERRANT 


Series OF .32 
Medium O S-Band Tunable T.R. Cell 
Peak Power : 100KW. 


Frequency Range: 2600-3950 M/cs. 


GROUND RADAR : oe - 


MARINE RADAR 


AIRCRAFT RADAR 


GUIDED MISSILES 


A comprehensive range of Ferranti T.R. Cells 


is available covering frequencies from 
1000 Mc/s. to 35000 Mc/s. For further 


information write to 


FERRANTI LTD * KINGS CROSS ROAD - DUNDEE 


Telephone: DUNDEE 87141 


Os/T6s 
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5.E.C. switching transistors for high speed operation! 


One hundred and twenty millimicroseconds— The GET 871, GET 872 and the new GHT 875 are 
that is the rise time whichcan be obtained designed for use in computers, scaling units, 
using G.H.C. germanium p-n-p transistors. counting circuits, shift registers, waveform 

Peak collector currentratingis150mA,and generators and similar applications. 


maximum junction operating temperature 85°C. These transistors are immediately available from stock. 


Maximum Ratings Minimum fa vers) Maximum | Maximum Typical Transient 
—_——__ 'e& (Mc/s Vv Vv Response 
(mW) eb ce(sat) (for circuit details, 
Type Pt (max) (mY) see data sheet) 
35°C 55°C tr tf 
(us) 

GET871 
GET872 


GET875 


Fuller information is available on request. G.E.C. also makes a range of high-speed switching diodes, 
described in Semiconductor Application Report No. 14. 


SEMICONDUCTORS 


THE GENERAL ELECTRIC COMPANY LIMITED, SEMICONDUCTOR DIVISION, 
SCHOOL STREET, HAZEL GROVE, STOCKPORT, CHESHIRE 


Tel: Stepping Hill 3811, or, for London area, phone TEMple Bar 8000, Ext. 10. 
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ENGLISH ELECTRIC (iting 


transformers } 
and chokes 


‘Cc’ CORES 


a 
a 


_ _si‘(a*é’#é#ét 


“ENGLISH ELECTRIC’ ‘C’ type cores are made from high-quality a 
cold-rolled grain oriented steel. Developed firstly to meet Some advantages of using 
the needs of the British Fighting Services, they have since ‘ENGLIsH Evectric’ ‘C’ cores :— 
: areata : : Easy to store and handle, their use results in 
found many commercial applications in the electronic - eliced aaemibly tite. 
industry, such as in transformers for tape recorders, television Transformers are up to 30% smaller and lighter. 
eceivers, electronic flash equipmen 7 Transformers have lower losses, lower 
Lee soit Guipment, eve magnetising VA and lower leakage flux. 
‘ENGLISH ELECTRIC’ supply a wide range of standard cores Cores are auiebie for oil-filled, open-type or 
. . ° resin-cast transiormerts. 
to meet these demands. Cores for special applications Cores are stable up tans0°@: 
can be supplied on request. Cores are available from stock. 


Full details from The English Electric Company Limited, Transformer Sales & Contracts Dept., East Lancashire Road, Liverpool 10 
Telephone: AINtree 3641 


THE ENGLISH ELECTRIC COMPANY LIMITED, MARCONI HOUSE, STRAND, LONDON, W.C.2 


WORKS: STAFFORD: PRESTON * RUGBY" BRADFORD‘: LIVERPOOL’: ACCRINGTON 


TFL. 39A 
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Marconi 
Crystals 
for stability 
and 

precision 


The experience gained in manufacturing 
quartz crystals to the stringent requirements of 
our own apparatus and of Service equipment 
enables us to offer a comprehensive range of 
crystals covering the frequency band 1.0 Kc/s 
to 62 mc/s at extremely competitive prices. 

Years of intensive research and development 
work guarantee the reliability and quality of 
this Marconi product. 


MARCONI CRYSTALS FOR ELECTRONICS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 
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A.E.I. Telecommunications Division has: 


The greatest experience in cordless switchboard 
design and manufacture. 


Installed the largest number of cordless 
switchboards—over 1,300 positions. 


Been the only supplier of cordless switchboards 
to the majority of Commonwealth users. 


Employed its vast worldwide experience in the 
design of cordless switchboards for the 
most modern British PABX equipment. 


PABX equipments are an extension of the auto- 
matic public telephone service into the premises 
of the subscriber. It is therefore natural that 
the A.E.I. Telecommunications Division should 
base its cordless switchboard PABX design upon 
its worldwide public service experience. 


cordless switchboards 


achievement in 


The first cordless trunk switchboard 
in the world installed 
in Cape Town, South Africa. 


The first cordless switchboard installed 
in Australia at Melbourne. 


The first postwar modernised 
cordless switchboard in Australia, 
installed at Adelaide. 


The first cordless switchboard installed 
for the British Post Office at Thanet. 


The largest cordless switchboard in the 
world installed in Sydney, Australia. 


The second cordless switchboard 
installed for the British Post Office 
at Middlesbrough. 


Associated Electrical Industries Limited 
Telecommunications Division 

Formerly the Telecommunications Division of Siemens Edison Swan Ltd 
Woolwich London S.E.18 WOOlwich 2020 
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... but that’s not all 


This is the smallest ‘spindle operated’ moulded 
carbon track potentiometer in production. Although it 
measures only }” diameter it is rated at }W and 

the range of values is from 1kQ to 2.5 MQ. 

These factors will commend the Type L to all those 
design engineers who strive for greater miniaturisation 
in electronic equipment. 

Further constructional details and parameters are 
contained in Plessey Publication No. 313. 

Please request a copy. 


type L potentiometer 


by | Plessey 


THE PLESSEY COMPANY LIMITED 


CAPACITORS & RESISTORS DIVISION + SWINDON GROUP 

Kembrey Street - Swindon - Wiltshire 

Tel: Swindon 6211 - Telex: 44-355 - Telegrams: Plessey Telex Swindon 
Overseas Sales Organisation 

PLESSEY INTERNATIONAL LIMITED - Overseas Telegrams: Plessinter Telex Ilford 


Head Office: Ilford - Essex - England 
Tel: Ilford 3040 - Telex: 23166 Plessey Ilford - Telegrams: Plessey Telex Ilford 
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worK QUICKLY? 


circuits, is a com 


4 iponent Specially 
tailored for the Job. 


Style BP 
d tapered for. easy insertion and Ceramicomp 
PoSitive locaton, thus avoiding looping, crimping, bending, po 
cropping, and elaborate and expensive insertion machinery, 
4s is necessary with the traditional wire ended component, 
The design of the termination eliminates the Possibility of ieee 
the component falling out or loosening Prior to the soldering 
Peration, the finish of the terminati 
i © minimum amount of 


fi the b hel 
ice from the board. Furthermore, Resistor. 
the design of the termination ensures that inductance and 
Stray Capacitance are low and constant, and, above all 
facilitates Teplacements in Servicing. : 
x cee and designers interested in Saving costs on U 0 
int cuit applications are invited to writ fe i 
pln, mite for details ae sea 
imicor 
Designs Registered 
Potents Pending 


DDON STREET, LONDON, wy * 
Phone: REGenoe 6432 


mt systems 
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released wn, Wel rode Marks 
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rad Trade Mark 


sq Rogieter 


Assembly Hands 
URGENTLY 
REQUIRED 


40 hr 5 day week 
od Ov. e t 


DRILLERS 
| FIREMEN & WIREWOMEN 


A TESTERS & INSPECTORS 


te Hirettman \oortabeliend 


Apply: Personnel Dept. 
ry me BA 


Con Electrical and 


‘UnIcations Equipment 
Au neers 


ERIE RESISTOR LIMITED, | Heddon Street, London, W.1, 


England Telephone: REGent 6432. Factories in Great Yarmouth 
and Tunbridge Wells, England; Trenton, Ontario, Canada, Erie, Pa., Holly Springs, 
Miss., and Hawthorne, Calif., U.S.A. 


WOMEN FOR 
RADIO AND T/ 
ASSEMBLY 
% equired pavers. 


RS 
DRILERS owen 


| OPTIONAL ACCESSORIES 


: VIDEO AMPLIFIER TYPE TM 5950 


FREQUENCY CONVERTER TYPE TM 5951 
(10 Mc/s TO 100 Mc/s) 


FREQUENCY CONVERTER TYPE TM 5952 
(100 Mc/s TO 220 Mc/s) 


TIME INTERVAL UNIT TYPE TM 5953 
OSCILLATOR—1 PART IN 10’ PER WEEK 


BRIEF SPECIFICATION 


High-speed counter/timer with built-in precision 

frequency standard. Stability: +2 parts in 107 short term. 
Readout by neon indicators on 8-decade digital display. 
Counts up to 107 per sec; measures frequency from 10 c/s to 
to Mc/s, period of waveforms up to 100 kc/s. Selection of 
plug-in accessories extends frequency range to 220 Mc/s, 
allows time measurement down to I usec, increases sensitivity 
to 10 mV. Display time: manual, or continuously variable 
from 0.1 to 10 sec. with automatic and repetitive resetting. 
For bench or rack mounting. 

For full details, write for leaflet K178. 
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COUNTER 


TYPE TF 1345 


MARCONI 


INSTRUMENTS 


Please address enquiries to 

MARCONI INSTRUMENTS LTD. , at your nearest office: 
London and the South: 5 

Marconi House, Strand, London, W.C.2. Telephone : COVent Garden 1234 


Midlands: 

Marconi House, 24 The Parade, Leamington Spa. Telephone: 1408 
North: 

23/25 Station Square, Harrogate. Telephone: 67455 

Export Department: 

Marconi Instruments Ltd., St. Albans, Herts. Telephone : St. Albans 56161 


REPRESENTATION IN 68 COUNTRIES 


TCI78 
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VF Band 360-3240 c/s. 
Basic channels : 1140-2460 c/s. 
Maximum Telegraph Speed 80 bauds 
Telegraph Distortion (50 bauds) 3% (nominal) 
Power Consumption 380 watts approx. 
Rack Dimensions 2 bays 6’ 0” x I’ 84” x 8” 


or 2 bays 9’ 0” x I’ 84” x 8” 


For further information please write to: 


ERICSSON TELEPHONES LIMITED — ETELCO LIMITED | 


TELEGRAPH 
EQUIPMENT | 


This FMT. 241 equipment provides 24 frequency modulated 
voice frequency telegraph channels to C.C.I.T.T. recom) 
mendations over any bearer having a bandwidth of 300-3400 c/s} 
It has considerable advantage over the equivalent amplitud# 
modulated system under conditions of high noise and has 
wider level range and lower distortion at higher signallinj) 
speeds. It is designed to work directly from double curren) 
(two path polar) telegraph signals but can be supplied witll 
converters (loop control equipment) for use with sing! 
current (neutral) telegraph signals. Conversion to party lini) 
working is easy and suitable conversion equipment can bi) 
supplied for specific requirements. 


The FMT. 241 equipment is mounted on plug-in panels carrie 
on two 9 ft. racks equipped with full test facilities or two 6 
racks with reduced test facilities. Operation is from 90-260 VI 
40-60 c/s. a.c. mains supply. Auxiliary equipment comprises + 
wall mounted 80-0-80 volt signalling supply furnishing up 
!.5 amps or alternatively a rack mounted supply of 700 m 
capacity. 

A system using the FMT.24] equipment and giving 
party line facilities was recently developed and 
installed for International Aeradio (Caribbean) Lt 
This is the largest v.h.f. inter-island aeronautica 
system in the world, linking ten of the Caribbea 
group of islands from St. Kitts in the north t 
Trinidad in the south. Using only one telephon¢ 
channel as a bearer circuit it serves some 25 tele! 
graph offices or about 60 teleprinter installations} 


ENGLAND 


HEAD OFFICE:—22 LINCOLNS INN FIELDS, LONDON, W.C.2. TEL: HOL. 6936 
WORKS:—BEESTON, NOTTINGHAM AND SUNDERLAND 
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STORAGE TUBES 
"ENGLISH ELECTRIC’ 


| The English Electric Valve Co., 

; consistent with their policy of keeping 
in the forefront with new electronic 
devices, have recently enlarged 


considerably their Storage Tube 
Division. Increased facilities and effort 
are being applied to the development 


and production of a number 
of Storage/Memory Tubes, two of 


which are illustrated, and enquiries are 
invited for special types to meet 
individual requirements. 


E702 Direct-view Storage Tube has a 
useful screen diameter of 4 inches 
and information can be displayed at 
high brilliance (2350 foot-lamberts) 
for one or two minutes. The persistence 
can be controlled for 10 minutes 

} or more, or the display can be completely 

B R IT Al N erased in 300 milliseconds. 

E704 Island Storage Tube will store 
about 500 bits of information and is 
designed for analogue and digital 
storage and for radar data handling 
applications, where it gives improved 
signal to noise ratio. The electrical 
input and output may be applied 
or taken out at the same or at 
different rates; the two processes 
may be simultaneous or 
sequential. 


Full details of these and other EEV 
Storage Tubes will be sent on request. 


AGENTS THROUGHOUT THE WORLD 


ENGLISH ELECTRIC VALVE CO. LTD. enemslord::Hasland 


Telephone: Chelmsford 3491 
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A.T.E. “Packaged” Radio Ghannelling 
in Fully-transistorised Basic Units 
for 3 to 300 Circuits 


Economical, reliable, completely self-contained, these terminals are ideal for 


a 


rapid installation at any microwave or VHF radio terminal. They 
meet relevant Services and C.C.I.T.T. requirements. 


All terminals include inbuilt, outband, signalling facilities suitable for dialling. 
Simple ringdown relay sets can also be inbuilt when required. 
Racksides may be mounted back to back or side by side. 


AUTOMATIC TELEPHONE & ELECTRIC CO LTD 


STROWGER HOUSE - ARUNDEL STREET - LONDON - W.C.2 TEL. TEMPLE BAR 9262 
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R3A a transportable 3 
channel terminal designed 
for field or Service use. 
Write for Bulletin 

TEB. 3303 


R24B a 12/24 channel 


terminal in the 6-108 Kc/s 
spectrum, complete on one 
rackside. Write for 
Bulletin TEB. 3301 


R60B a 60 channel 


terminal (12-252 or 
60-300 Ke/s), complete 
on two racksides. 
Write for Bulletin 
TEB. 3302 


RI2OA a 120 channel 
terminal (12-552 Kc/s), 
complete on four 

racksides. Write for 
Bulletin TEB. 3304 


R300A a 300 channel 
terminal (60-1300 Kc/s), 
complete on eight 

racksides. Write for 
Bulletin TEB. 3305 


TRANSMISSION EQUIPMENT TYPE CM for line, cable and radio systems 


AT 6941 
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Hunting for 
the right 


transistor? 


You can waste a lot of time covering the whole field, following false scents 


and even barking up wrong trees when all the time the transistor you want 


is already there in the Ediswan Mazdarange specially developed for industrial : 


applications. Let us know, on 
your letterheading, the appli- 
cations you have in mind and 
we will send you full informa- 
tion about suitable Ediswan 
Mazda transistors. 


EDISWAN 


MAZDA 
SEMICONDUCTORS 


These could help 


The latest developments in our industrial range 
include the XA161 and XA162 for high speed 
switching applications. These are germanium pnp 


diffused alloy mesa transistors with a minimum 
gain/bandwidth product of 25 Mc/s and 35 Mc/s 
respectively. Features include low saturation 
resistance, low total stored charge, and high collector 
dissipation. 


Associated Electrical Industries Limited 
Radio & Electronic Components Divisio 

Semiconductor Department, 155 Charing Cross Road, London W.C.2 

Tel: GERrard 8660 Telegrams: Sieswan Wescent London 

CRC 15/75 
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A range of A.C. Mains Voltage Stabilisers 
which incorporate electronic detector systems 
of new design. They are robust, reliable and 
very compact. 

The unit shown has a rating of 2.5 KVA, will handle input variations 
from 200-250 Volts whilst maintaining a pre-set controlled voltage 
between 220-240 Volts to an accuracy of + 0.5% 

This particular Stabiliser is suitable for bench, floor or wall mounting 
and is fitted into a steel case attractively finished in hammered 
aluminium. Dimensions are: Height 15”, Width 10”, Depth 72’. 


Expamet-Cressall resistors, rheostats and heaters form the most 


Torovolts are the new toroidally wound comprehensive range available from a single source. Units to 
continuously variable auto-transformers. 

Electrical and mechanical improvements. _-- control loads from 4 watts to over 20,000 Kilowatts are already in 
have been incorporated to give greater 

safety and reliability. Legible dials use all over the world. To widen still further the enormous 


_ ensure maximum convenience in use. 
field of applications of Expamet-Cressall products, two new designs 


have been introduced and are briefly described here. Further 


details and technical advice from our engineers is freely available. 


EXPAMET —CRESSALL 


The Electrical Division of 
The Expanded Metal Company Ltd. 


London Office: 16 Caxton Street, London, S.W.1. Telephone: ABBey 7766 
Works: Stranton Works, West Hartlepool. Tel: Hartlepools 5531 


The Cressall Manufacturing Company Ltd., Eclipse Works, Tower Street, Birmingham 19 
Tel: Aston Cross 2666 
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WORLD-WIDE 
EXPERIENCE 


‘STC are supplying main line mig 


wave telephone systems to | 


countries and have already sup’ 


million telephone circuit miles, 50 
television channel miles and an 7 


capacity of standby equipment. 
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jb NN Z Terminal Repeater 960-Circuit Copacity 
see - Ee | 2-Way Telephone Channel, 
E LLFORS \ SS : Stondby Channel and 
A . : : Basebond Switching. 


a—- —>+—_- —2-Woay Channel 
for Television and Sound 
--»--/-Way Channel 
for Television ond Sound 
Television and FM Sound Programme 
Broadcost Transmitter 
® Television Stations /nterconnected by 
the First Phase Equipment 
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phones and Cables Limited 


Registered Office: Connaught House, Aldwych, London W.C.2 


ELECTRONIC 
SYSTEMS 


aed TRANSMISSION DIVISION: NORTH WOOLWICH - LONDON - El6 
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Master Control Cubicle 


The Donovan 


Electrical Co. Ltd. 


ELECTRONICS DIVISION 


( xxvi ) 


ACCESS, a static switching 
system using Cold-Cathode 


of self indication. 


complex machine tool and 
conveyor installations. 


Tubes, possesses the advantage 


This control system is suitable 
for many applications including 


(Austin Cold-Cathode Electronic 
Switching system, made under 


Co. Ltd., and Hivac Ltd). 


Typical Application— 
Metalworking Transfer 
Machine 


SAFUSE WORKS » NORTHCOTE ROAD « STECHFORD « BIRMINGHAM 33 
Telephone: STECHFORD 2277 (5 lines) 


licence from the Austin Motor 


Write for Technical Literature 


fi 


DCOL Soldering 
(Regd. Trade Mark) Instruments 
ea all requirements 
or thorough solder 
ILLUSTRATED jointing in all the fields 
PROTECTIVE 
SHIELD TELECOMMUNICATIONS 
(CAT. No. 68) 
tin. BIT Fully Insulated 
MODEL Elements 
(CAT. No. 70) 
Primarily Suited to daily use for 


developed for 
the 


TRANSISTOR & 
ELECTRONIC 
ERA. 


Possessing the 
sharp heat 
essential for the 
quick jointing 

of Transistors, 
Resistors, etc., 
thereby avoiding 
damage to the 
equipment from 
heat transference 


bench line production 


MANUFACTURED 
IN ALL VOLT RANGES 


British and Foreign Pats. 
Reg. designs, etc. 


For further information 
apply Head Office: 
ADCOLA 
PRODUCTS LTD. 
GAUDEN ROAD 
CLAPHAM 

HIGH STREET 
LONDON, S.W.4 


el.: MACaulay 4272 
& 3101 


WIREWOUND RESISTORS 
— PRECISION — 
— VITREOUS — 
— COMMERCIAL — 

TRANSFORMERS, CHOKES 

AND ALLIED PRODUCTS 


ERG INDUSTRIAL CORPORATION LTD 


LUTON ROAD WORKS - DUNSTABLE - BEDS : Tel: 


Dunstable 2241 


airborne radio-navigation and radio-communications 
equipment. Flight safety and operational efficiency 
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CAPACITORS 


The use of STC Capacitors in vital 
communication and navigation equipment 
throughout the world acknowledges 

their high degree of reliability. 

Equipment which must operate with 
unfailing efficiency over very long periods 
demands critical performances from 

every component. This standard of 
performance is met by STC Capacitors. 

The production techniques for these 

special applications were evolved from 
established processes for all STC Capacitors 
—a guarantee of consistency and of 
efficiency in your equipment. 


® Extensively life tested to establish 
long-life performance. 


® Manufactured in closely 
controlled atmospheres. 


@® Process controlled at all stages 


STC Capacitors are used in very many types of of production. 


@® Tested on equipment specially 
designed to simulate operating 
conditions. 


depend largely on the accuracy and reliability 
of these equipments which, in turn, depend 
on the quality of the component parts. 


Write for STC Capacitor literature to: 


Standard Telephones and Cables Limited 


Registered Office : Connaught House, Aldwych, London, W.C.2 
CAPACITOR DIVISION: BRIXHAM ROAD <« PAIGNTON <- DEVON 


COMPONENTS 
GROUP 


60/3 MC 
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SHOW seve 


ERSIN MULTICORE 5-CORE SOLDER 


The A.I. 


5-Core 


9 standard gauges and 6 alloys 
from 24- 
1 lb. and $ lb. reels. 


D. approved type 362 flux, incorporated 


in Ersin Multicore 5-Core Solder, is very effective 
on heavily oxidised surfaces and often allows the 
use of a lower tin content alloy. Ersin Multicore 


Solder is supplied on 7 1b. reels in 
Even gauges 
34 s.w.g. are available in 2 alloys on 


CONSTITUTION OF 
ALLOYS OF ERSIN 
MULTICORE SOLDER 


The diagram shows 
that all the standard 7° 1" 
alloys of Ersin Multi- 
core Solder have a 
plastic range, i.e., on 
heating they are pasty 
between the solid and 
liquid states. Practical 
experience has shown 
that there are advan- 
tages in having a 
plastic range, e.g. for 
tag jointing where the 
use of 60/40 alloy 
obviates fractures 


453 234 
419 215 
414 212 


° 

PERCENTACE OF TIN (mettine point oF TIN 232) 
which may occur with other alloys where 
there is slight vibration while the solder 
is setting solid. 


. Grams and Cables: Multicore Hempstead. 


ZENITH 


I ts 


(REGD. TRADE-MARK) 


ulation 
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PRINTED CIRCUITS 
Leaflet P.C.L. rox gives full details L.M. 


of a complete soldering process 
developed by Multicore Laboratories 
for printed circuits. 


MULTICORE SOLDERS LTD., MULTICORE WORKS, HEMEL HEMPSTEAD. HERTS. 


Tel: Boxmoor 3636 (4 lines) 


FLASH TEST EQUIPMENT 


with the u 


The 
ZENITH 


ZENITH 


WORKS, VIL 


nique safety test prods 
Equipped 


mary 
giving 


zero. to 
mum, 
outputs up 


4,000 volts, 


ELECTRIC CO. 
LIERS 


LONDON, N.W.2 


Telegrams: Voltaohm, Norphone, London 
MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


Telephone: WILlesden 6581~5 


2,000 volts and 


Catalogue FT. 2 free on request 


Ltd. 
ROAD, WILLESDEN GREEN 


with 
“VARIAC”’ pri- 
control 
continu- 
ous H.T. voltage 
regulation from 
maxi- 


Standard 


to 


SAVBIT TYPE 1 ALLOY Made under so 
British Licence of Patent No. 721,881. 

Savbit Type 1 alloy was developed after — 
extensive research in the Multicore 
Laboratories into the main causes of bit 
wear. It incorporates a small percentage 
of copper which prevents absorption of 
copper from the bit into the solder alloy. | 
After prolonged tests, it was found 
the life of solder bits was increased by 
up to 10 times. The speed of soldering 
is not affected. 


SPECIAL ALLOYS 


~4 special alloys can be supplied fo; 
particular purposes: 
Comsol with a high melting point o} 
296°C. v4 
T.L.C. alloy with a melting point of 
145°C is made from tin, lead and 
cadmium. 
P.T. (Pure Tin) alloy, with a melting 
point of 232°C, is lead-free. 
P. alloy, with 2% silver content, ¥ 
which melts at 179°C for silver- | 
coated components. = 


PUBLICATIONS 


Laboratory engineers and technicians 
are invited to write ontheircompany’s 
letter-heading for the latest edition 
of Modern Solders. It contains data 
on melting points, gauges, alloys, etc. 


Seeerereetrrttttrrrrsrirrtrrtrrrrirrir iii rere 


power eee : 


for navigational aids | 


Manufactures Include :- , 
MOTOR GENERATOR SETS. 


HIGH FREQUENCY ALTERNATORS (400 TO 3,000 
CYCLES PER SECOND). 


ROTARY TRANSFORMERS & CONVERTORS. i 
AUTOMATIC CARBON PILE VOLTAGE REGULATORS 
TRANSISTORISED VOLTAGE REGULATORS. 
TRANSISTORISED INVERTORS, 


The illustration shows 
a 24 KVA drip-proof 
motor alternator 
with output 120 volts, 
3 phase, 333 cycles 

per second, 


ALFRETON ROAD DERBY 


PHONE. DERBY 47676 (4 LINES) GRAMS: DYNAMO, DERBY 
London Office: IMPERIAL BUILDINGS, 56 KINGSWAY W.C 2 
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It’s a comforting thought that a complete wiring system, 
embracing perhaps five hundred connections, 
can be bought-in simply by quoting one part number. 


Preformed wiring by Plessey, in conjunction with Plessey plugs and 
sockets, solves many of the problems encountered in the making up of wiring 
assemblies used in the manufacture of electronic and electrical equipment, 
and the benefits both structurally and economically are considerable. 


One order on Plessey for a complete assembly — or set of 
assemblies —means only one supplier to progress — only one item to be 
dealt with by the various departments concerned. 


Let us begin at the beginning 
In providing complete wiring forms, cable assemblies and junction boxes 
to special requirements, the maximum economy can be achieved by calling 
in Plessey at the design stage. In this way can the wide experience 
of the engineers be used to your full advantage. 


Te Rw 8 w Ole 


ere 


WIRING & CONNECTORS DIVISION 
THE PLESSEY COMPANY LIMITED - CHENEY MANOR - SWINDON + WILTS 


Ple S S ey Telephone: Swindon 6251 


Overseas Sales Organisation: Plessey International Limited + Ilford - Essex Tel: Ilford 3040 


\ WHA 
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Lewcos insulated 
resistance wires 
have been used 
for many years 
for winding 
resistances for 
instruments, 
radio, 
control 

: 7 apparatus, 
etc. These 

fine and 
superfine 
wires meet the 
demands of the 
Electrical Industry for 
high precision and- 
exceptional properties. 


Supplied with standard coverings of 
cotton, silk, rayon, enamel and glass. 


THE LONDON ELECTRIC WIRE CO. & SMITHS LIMITED LEYTON 


LONDON -: E.10 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
- WIREWOUND RESISTORS presents 
— PRECISION — 
— VITREOUS — 


sransronnens, Goes THE 
INQUIRING MIND 


; 
j 


a film outlining the opportunities for a career 


in the field of electrical engineering 


Producer: Oswald Skilbeck Director: Seafield Heac 


Commentator: Edward Chapman 


Copies of the film may be obtained on loan by school: 
and other organisations for showing to audiences 0: 
boys and girls or others interested in a professiona 
career in electrical engineering. The film is available ir 
either 35mm or 16mm sound, and the running time i 
30 min. 


Application should be made to 
THE SECRETARY 
THE INSTITUTION OF ELECTRICAL ENGINEERS 


ERG INDUSTRIAL CORPORATION LTD 
LUTON ROAD WORKS + DUNSTABLE -« BEDS ~ Tel: Dunstable 2244 SAVOY PLACE, LONDON, W.C.2 
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Transistor Inverters 


for Single-Phase or Three-Phase operation 


Designed primarily for airborne use, Ekco static 
Types available are :— ‘ i : . : i 
inverters are light-weight, robust and silent in operation. 
An output of 115 volts at 400 c/s is provided 


from a nominal 28 volts D.C. supply. 


E181 Single-phase T5VA 
E182 Single-phase 150VA 
E183 Three-phase 150va 
E184 Three-phase 800VA 
* £208/1 Single-phase  500VA 
* §2138/1 Three-phase 1KVA 


Both output voltage and frequency are held within 
very close limits over wide variations of output load, 


ambient temperature and input voltage. 
* forced air cooling 


A range of associated racks 
is available 


for full details write or phone :— 


EKCO ELECTRONICS LTD 


Southend —on —Sea - Essex 
Southend 49491 


WPS 336 


I.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS ( xxxii ) ; 
¥ 
y 
[ 


Laminations of all types, in all 
sizes and in all grades of material 


FERROSIL 
hot-rolled and cold-reduced elec- 
trical sheet and strip, and hot- 
rolled transformer sheet 


ALPHASIL 
cold-reduced oriented transformer 
sheet and strip 


RICHARD THOMAS & BALDWINS LTD 


Enquiries for sheet and strip to be addressed to RICHARD THOMAS & BALDWINS 
(SALES) LIMITED, WILDEN, STOURPORT-ON-SEVERN, WORCS. 

Enquiries for laminations to be forwarded to RICHARD THOMAS & BALDWINS 
LIMITED, COOKLEY WORKS, BRIERLEY HILL, STAFFS. 


Our Cookley Works is one of the largest in Europe specializing in the manufacture of laminations for the electrical industry. 


THE PROCEEDINGS OF SLE 
INSTITUTION OF ELECTRICAL ENGINEERS 


TEN YEAR INDEX 


1942— 1951 


TEN-YEAR INDEX to the Journal of The Institution of Electrical 
Engineers for the years 1942-48 and the Proceedings 1949-51 
(vol. 89-98) can be obtained on application to the Secretary. 


The published price is £1 5s. od. (post free), but any member 
of The Institution may have a copy at the reduced price 
of £1 (post free). 
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[ “BELLING-LEE” 
LI330 

() The “Airfuse” is standard equipment on the Vickers Viscount, the 
Bristol Britannia, and the De Havilland Comet, and many other 

civil aircraft of all nations. Although developed for aircraft use, 

and approved by the A.R.B. as an equivalent to the American 

“Current Limiter”, it has many “down to earth” applications. 

It can be employed wherever heavy duty accumulators and low- 

voltage generators need backing-up, as for example, in battery- 

driven vehicles, heavy current rectifiers, and low voltage furnaces. 

The “Airfuse” is capable of clearing a prospective overload current 

of 3,000 amp. at 30 volts D.C. It is available in the following ratings: 

355 50, 80, 100, 150, 130, 200, 225, 275, 325 and 500 amp. 

It is connected directly to terminals, obviating the need 

for a bulky fuse-holder, and is completely enclosed. 


The slotted fixing lugs simplify replacement. 


Most ‘‘Belling-Lee’’ products are covered by 
patents or registered designs or applications. 


LUGS & SOCKETS +: GLASS SEALS + TERMINALS ie LTD 

. CIRCUIT PROTECTION DEVICES BELLING & L E 

NTERFERENCE FILTERS + RECEIVING AERIALS GREAT CAMBRIDGE ROAD, ENFIELD, MIDDX., ENGLAND 
Telephone: Enfield 3322 ~- Telegrams: Radiobel, Enfield 
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Publications of 
THE INSTITUTE OF ELECTRICAL ENGINEERS 


Journal of The Institution—Monthly 
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Silicon Controlled 
Rectifiers 
NOW IN QUANTITY PRODUCTION 


Some of the applications: 
* Motor Control 

* D.C.-A.C. conversion 

x Frequency conversion 

* Phase-controlled D.C. power supply 

* Static switching 

* Ignitron firing and numerous other 
applications in the aircraft, 
instrumentation and process control fields 


E Peak inverse | Mean D.C. Typical : Peak inverse | Mean D.C. Typical 
—— voltage forward Trigger = voltage forward Theser 
yRE- current power MPS: current power 


volts mW 


mW 


volts 


amp. 
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CRIO.I5I-A CRS.I5I-A 5 
CRI0.201-A CR5.201-A 5 
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Write for full details to: 
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Electronic Apparatus Division 
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40 VOLTS/SEC 


AUTOMATIC CORRECTION 


—with the type 
TCVR voltage regulator 


The TCVR is a servomechanical automatic voltage 
regulator having the very high speed of correction of 
FORTY VOLTS PER SECOND. It provides an 
undistorted output, maintained constant within very 
close limits (normally +0.5%) from no-load to full- 
load, for wide variations in frequency and power factor. 


A wide range of models from 1.6 to 12 kVA single- 
phase, and 4.8 to 36 kVA three-phase, is available, 
to standard or tropical specification, in cabinets or for 
rack-mounting. Models are also available in which 
the output voltage is continuously adjustable over a 
wide range by means of a panel control. Regulators 
can be supplied to Services’ specification, and special 
models can be designed to order. 


For high-speed, accurate stabilisation without 
distortion—specify TCVR. 


Type TCVR-7000. 


Rack-mounting 
version. 


Other products of Claude Lyons Ltd. Stabiliser Division 


BMVR: Motor-driven laboratory and industrial regulators ranging from 1:6 to 29 kVA 
single-phase, and 4:8 to 87 kVA three-phase. Constancy of output normally + 0-5%, 
from no-load to full-load. No distortion. Speed of correction 1 Volt/Sec. A great 
variety of models, standard, tropical and militarised, for all applications. 


BAVR: Electronic stabilisers of very high accuracy, and very rapid response, with no 
moving parts. Input range: - 10% to + 5%, output constancy + 0.15%. Three sizes: 
ree 500 & 1000 VA. Exceptionally useful for control of chemical processes, heating, 
ighting, etc. 


ASR: Automatic step regulators, small, inexpensive, and with sinusoidal output waveform, 


Two sizes : 1:15 kVA and 2:3 kVA. Input range - 10% to + 5%; output constancy, +24%. 


ATC: Automatic Tap-Changing Transformers —a development of ASR. Two sizes: 
575 VA and 1150 VA. Input range - 20% to + 10%: output constancy, + 5%. Provide 
adequate stabilisation for many types of apparatus, at low cost. Also useful as pre- 
regulators, e.g. in conjunction with BAVR. 


Blaude Lyons Ltd. 


We shall be pleased to send you full details of our entire range. 


Stabiliser Division VALLEY WORKS « HODDESDON ~- HERTS + TELEPHONE HODdesdon 4541- 
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The eye that never blinks 


Style BD Style BC 
Both the above Styles have high quality solder sealed ceramic 
terminals, and meet British Joint Specification RCS 131, temperature 
category —40°C to +100°C and humidity classification H1. Available 
for d.c. working up to 10kV. Capacitance range:— 0.05 to 8.0uF. 


Style BE 


Style AE has Silicone rubber and moulded bushings and is 
recommended for general industfial and electronic applications 
requiring a working temperature range of -40°C to -++70°C and a 
maximum of 1kV d.c. Wkg. Style BE has similar terminals to 
Styles BC and BD above, and meets the same requirements. 


For complete information on these and many other Dubilier “Nitrogol” 
Capacitors, please write for illustrated Catalogues P.N.1 and P.N.2, 


From the eternal 
vigilance of a radar 
warning system to the 
watchful precision of 
an automation plant 
one vital factor prevails 
—dependability. In 
systems such as these 
and in many other equip- 
ments Dubilier Nitrogol* 
Capacitors ensure unfalter- 
ing reliability. They are 
designed to work indefinitely 
in extremes of temperature 
and humidity and meet the 
most stringent British and 
American Government specifica- 
tions. 
*Nitrogol—a registered Dubilier 
trademark. 
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g FMVF Telegraph Equipment 


VHF Radio Telephone Terminals 


Associated Electrical Industries Limited 


Telecommunications Division 
WOOLWICH, LONDON, S.E.1I8 


formerly the Telecommunications Division of 
SIEMENS EDISON SWAN LIMITED, WOOLWICH, LONDON, S.E.18 
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VE Mouldings and Electronic Components 


PLUGS AND SOCKETS 


The plugs and sockets shown are 
for use in underwater junctions 
or outside installations. Moulded 
in Alkathene the loading capacity 


is 350 volts at 5 amps. max. 


{ 


P.O. TRANSISTOR AMPLIFIER 


This P.O. Transistor Amplifier 
moulding is another example of 
potted components, the illustra- 
tion is of a development of a 
miniature version of theamplifier 
100A, this model utilising transis- 
tors to replace the miniature 
valves. 


SCREEN LINE TRANSFORMER 


This is an astatic wound A.F. 
screened line transformer with 
the windings encapsulated in 
epoxy resin. The insulation of 
the “line” winding provides iso- 
lation against voltages of 30 kV 
RMS. 


MINIATURE BOBBINS 


Illustrated area range of moulded 
bobbin assemblies for small trans- 
formers and chokes. Moulded in 
Polystyrene or Polythene, they 


are available in various colours. 


PLUG-IN OSCILLATOR 


This fixed frequency oscillator is 
constructed on a standard octal 
base and encapsulated in epoxy 
resin. Output: 10 mw into a 
600 ohm load. Frequency: as 
required within the range 700- 
2000 c.p.s. sinusoidal. 


POLYTHENE MOULDED KNOBS 


We illustrate examples of our ex- 
tensive range of knobs moulded 
in Polythene. This particular 
series has been developed for the 
R.A.F. and was designed by us to 
enable cockpit controls to be 
recognised by touch. 
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THE FIFTY-FIRST KELVIN LECTURE 
‘COSMIC RADIATION’ 
By Professor C. F. POWELL, M.A., Ph.D., Sc.D., F.R.S. 


(Lecture delivered before THE INSTITUTION, 31st March, 1960.) 


Coming out of space, and incident on the high atmosphere, 

there is a thin rain of energetic charged particles known as the 
primary cosmic radiation. The work of the past twenty years 
has shown that most of the incoming particles of great energy 
are atomic nuclei stripped of all the electrons with which they 
ate normally surrounded in ordinary matter. These particles 
approach the solar system equally from all directions; their 
directions of motion are distributed isotropically. 
_ The existence of cosmic radiation poses a number of problems 
of great contemporary interest in the general field of cosmology. 
Where do the particles originate, and by what physical processes 
are they endowed with their great energy? Do they come from 
the sun and similar stars? Are they confined to the galactic 
Systems, or do they pervade the space between them? These 
are some of the problems which have led to an intensive study 
of cosmic radiation in the past twenty years. The possibility of 
making a serious approach to these problems owes a great deal 
to recent advances in our understanding of the evolution of 
stars and of the way the heavier elements of the periodic classifica- 
tion are built up from the primeval hydrogen at high temperatures 
in stellar interiors. A second important new source of know- 
ledge closely related to our problems is radio-astronomy, which 
has given us a new insight into the structure of our own star-city 
—our galaxy—and the conditions in the diffuse halo of gas, 
nearly spherical in form, with which it is now known to be 
surrounded. 


The Nature of the Cosmic Radiation 


_ Before attempting to speculate about the origin of cosmic 
fadiation, it was necessary to establish in detail the characteristics 
of the radiation arriving at the top of the atmosphere. I have 
spoken of the radiation as being composed of atomic nuclei. 
But what nuclei? And in what proportions? We speak of this 
as the problem of the ‘charge spectrum’ of the cosmic radiation. 
And we need to know in more detail how many particles there 
are with different values of the energy; we speak of this as the 
‘energy spectrum’ of the radiation. 


4 Prof. Powell is Melville Wills Professor of Physics, University of Bristol. 
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We have known since 1948, as a result of experiments by 
Freier and others with balloons, that in addition to hydrogen 
nuclei, which are the most numerous of the incoming particles 
in the primary cosmic radiation, there are also present those of 
heavier elements. Elements up to numbers 26 or 28 in the 
periodic classification—nickel and iron—have been detected. 
Fig. 1 shows the tracks of three nuclei of the cosmic radiation 
as recorded in photographic emulsions carried to great altitudes 
by balloon. A photographic emulsion, of the type employed in 
nuclear physics, consists of myriads of small crystals of silver 
halide—mostly the bromide—suspended in gelatine. When a 
charged particle passes through such an emulsion it changes 
slightly some of the grains of the silver halide which it traverses, 
so that when the plate is developed they are reduced to black 
grains of silver. The paths of charged particles may thus be 
made manifest. After fixation, washing and drying, the resulting 
tracks may be examined under the microscope and photographs 
of them taken. The pictures are made from a succession of 
photomicrographs of the tracks in the emulsion. In modern 
conditions, large stacks composed of hundreds of sheets of 
emulsion, each about 0:-5mm thick, are assembled together to 
form a solid sensitive mass. After exposure, the individual 
sheets are dipped in a gelatine solution and rolled on to specially 
treated glass plates to which they are thus made to adhere. They 
are then processed by methods similar in principle to those 
employed in conventional photography. The largest stack 
employed, hitherto, had a volume of 80 litres and weighed about 
700lb. The processing of such a stack is a protracted operation 
involving the use of about 20 tons of hypo in the fixing baths. 

From Fig. 1 it may be seen that, as we consider nuclei of 
increasing charge, the tracks they produce get thicker; and they 
become more and more ‘whiskery’ in appearance owing to the 
increasing number of relatively slow electrons of short range 
which the fast nucleus knocks out of the atoms it penetrates in 
its passage through the emulsion. By counting the number of 
these d-rays, as we call them, we can identify the charge of the 
nucleus which produced the track, and thence the kind of 
chemical element of which it is a representative. 

Knowledge of the relative frequencies of the different types of 
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Fig. 1.—Tracks of three heavy nuclei of the primary cosmic radiation 
moving with velocities approaching that of light. 


The different appearance of the tracks with changing nuclear charge is apparent. 
The spurs are due to electrons ejected from the atoms through which the primary 
particle passes; by counting the number of spurs in a given length of track, the charge 
of the primary particle can be estimated. 

(a) neon (charge 10). 

(6) silicon (charge 14), 

(c) calcium (charge 20). 


nuclei present in the primary cosmic radiation is very important 
for our speculations about the origin of the rays, and this involves 
us in an important technical problem. When a fast nucleus 
penetrates matter, it sometimes collides with a nucleus of one 
of the cloud of atoms through which it is passing. If the fast 
nucleus is a proton, the simplest kind of nucleus we know, it 
may disintegrate the struck nucleus—knock it to bits—into its 
component neutrons and protons. On the other hand, if the 
incoming particle is itself a complex nucleus, it may also be 
disintegrated into its component neutrons and protons as a 
result of the collision. Such an event has occurred in the 
collision in Fig. 2. 

As a result of such processes the primary particles of the 
cosmic radiation, as they enter the earth’s atmosphere, begin to 
make collisions which change their nature. An original nucleus 
of iron, for example, may fragment and thus be replaced by two 
or more nuclei of lighter elements of smaller charge. As the 
primary radiation penetrates into the atmosphere it therefore 
changes in constitution. The heavier nuclei, being bigger than 
the lighter ones, are more likely to make collisions. As a result, 
the charge spectrum is distorted, the proportion of lighter ele- 
ments being increased and of the heavier diminished. Indeed, 
few of the heavier elements are able to penetrate the atmosphere 
to altitudes less than about 90000 ft because of such collisions. 
If we want to know the charge spectrum as it was before being 
modified by such processes, it is clearly necessary to carry our 
detecting apparatus to such an altitude that the effects of the 
overlying air are, from this point of view, either eliminated or 
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Fig. 2.—Fragmentation of an iron nucleus into several partly 


In addition to a number of protons, the impact breaks down the primary nu 
into one of oxygen, one of lithium and one of helium. The collision occurs in}! 
middle of the left-hand photograph, and the tracks of the three secondary he 
particles can be separately distinguished in the right-hand photograph, which 
taken several millimetres from the point of impact, so that the three tracks h 
diverged sufficiently to be distinguished. 


made very small. There are several ways in which this oad 
done. 

Rockets are able to reach altitudes of more than 50 mi 
where they are virtually outside the atmosphere, but they suf 
from the fact that their time of flight is restricted to a 
minutes, and this is too short for the accumulation of suffici 
data when using the photographic method of detection. 7 
ideal solution would be to carry a large stack of emulsions o1 
satellite, in an equatorial orbit at a height of about 500 mil 
and to recover the equipment after it had been in orbit j 
about twenty days. Doubtless this will eventually be done, 
it must await the solution of the problem of making the recové 
safely and without damage to the photographic material. In1 
meantime we have to use balloons (Fig. 3). 

It is now possible to make experiments with large balloo! 
of polyethylene or of Terylene, which can carry loads up 
about half a ton, sometimes more, to altitudes above 100006 
and to maintain altitude for more than 24 hours. In this peri 
the balloon is likely to drift 1000 miles in the upper win 
As an illustration of the kind of problem this imposes, I m 


é 


a 


Fig. 3.—A polyethylene balloon at the instant of release. 


' | The balloon is about 200ft long, and only about 0:5% of its volume is filled with 
hydrogen at ground level. 


| 

mention that we are at present making plans to launch balloons 
‘from the Eastern Mediterranean, possibly from Cyprus, and to 
fecover the equipment, after it has been cut off from the balloon 
and has fallen by parachute, with naval assistance from some- 
ere near Malta. 


The Charge Spectrum of the Cosmic Radiation 


Studies of the constitution of the primary cosmic radiation 
/ made by these methods have established the main features of the 
charge spectrum of the cosmic radiation, and this is illustrated 
in Fig. 4. The most numerous of the primary particles are 
protons—hydrogen nuclei. In addition, for every 100 protons 
ere are about 10 helium nuclei—«-particles—and about one 
eavier nucleus. Among this 1% of heavier nuclei, carbon, 
utrogen and oxygen, Nos. 6, 7 and 8 in the periodic table, are 
— and there are about a third as many of the lighter 
| eee , lithium, beryllium and boron, Nos. 3,4 and 5. Nuclei 

oO ‘the elements from 10 to 26 are represented with approximately 
ots, frequency, although there is some evidence that the heavier 

lei 


| 


, Nos. 20-26, are more numerous than Nos. 14-20. Any 
i above Nos. 26 or 28, if they occur at all, are very rare. 
ous, it has been reported that, in an experiment with counters 
ied by one of the recent Russian satellites, which was designed 
) ) detect the presence of such very heavy nuclei, a single pulse 
responding to the arrival of a single particle heavier than a 
ckel nucleus was observed throughout the course of the flight. 
it may be seen from Fig. 4 that the broad features of the 
‘constitution of the cosmic radiation outlined above are very 

similar to those of the matter of the universe. The relative 
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Fig. 4.—Relative abundances of different elements in the primary 
cosmic radiation and in the general matter of the universe. 


Results for cosmic radiation are shown by full circles; for the general matter of 
the universe, open circles, the two distributions being normalized to hydrogen and 
helium. The crucial points of difference are the appreciable abundance of lithium, 
beryllium and boron, and the over-abundance of nickel, iron and other neighbouring 
elements, in cosmic radiation. 


abundances of different atoms in this general matter of the 
universe have been inferred from observations on the spectrum 
of the light emitted from the stars, from studies of the constitution 
of meteorites, and from terrestrial observations. There also we 
find a great preponderance of hydrogen and of helium, together 
with an appreciable proportion of elements up to nickel and 
iron, but the heavier elements beyond Nos. 26 and 28 are very 
rare. If this were all the story we might conclude that the 
particles of the cosmic rays are emitted from a typical star like 
our sun, of which there are about 10!! in our galaxy; it would 
then remain only to inquire how the particles gained their great 
speeds. But the situation is more complicated than this, for 
there are two important ways in which the composition of 
the cosmic radiation differs from that of average galactic 
matter. 

The first important point of difference is that the composition 
of the cosmic radiation shows about ten times as much nickel- 
iron, relative to hydrogen, as galactic matter; nickel-iron is 
over-abundant in cosmic radiation. Secondly, whereas in the 
cosmic rays the light elements lithium, beryllium and boron are 
present in appreciable quantities, they are virtually absent in 
galactic matter for reasons which we believe we clearly under- 
stand. These two features have been of key importance in 
recent speculations about the origin of cosmic radiation. These 
speculations owe a great deal to the rapid development, 
especially in the past five years, of our understanding of the 
evolution of stars. 

According to our present views, a star starts its life as a diffuse 
accumulation of galactic gas and dust. Under the forces of 
gravitational attraction between its parts, this matter condenses 
into a gas ball which becomes hot as a result of the release of 
gravitational potential energy as the mass contracts. When the 
temperature of the central regions reaches about 106degC 
thermonuclear reactions involving the light elements heavy 
hydrogen, lithium, beryllium and boron can occur. If such ele- 
ments are present they are then very rapidly transformed in a 
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variety of well-known reactions. It is reactions of this kind, 
involving these elements, which are used in the hydrogen bomb, 
and which we hope to harness in thermonuclear reactions to 
provide our main source of power for the indefinite future, before, 
so we hope, we have consumed all our uranium and thorium in 
nuclear piles. 

It is because of these processes that the light elements lithium, 
beryllium and boron are present in such low concentrations in 
the galactic matter. If the cosmic-ray particles originate by 
ejection from stars, how is it that these light elements appear in 
considerable concentrations among them? It is suggested that 
they do not appear directly, but that they are the fragmentation 
products of heavier nuclei. We have seen an example of an 
‘event’ in which a heavy nucleus, in passing through a photo- 
graphic emulsion, collides with a nucleus and fragments to give 
two or three lighter nuclei which may sometimes be lithium or 
beryllium. Similar processes may occur in the passage of the 
cosmic-ray particles from their points of origin to the earth, 
through collisions with the nuclei of the interstellar gas. Wecan 
therefore suggest a plausible mechanism to explain the presence 
of the light elements even though they do not emerge directly 
from stellar atmospheres where we believe them to be absent. 
They may be produced as a secondary product of nuclear colli- 
sions of heavier nuclei. An important point we shall have to 
consider later is how much matter the primary cosmic radiation 
has to traverse to account for the observed intensity of these light 
elements. 

The second suggestive feature of the constitution of the cosmic 
radiation, to explain which we may again appeal to recent 
theories of stellar evolution, is the marked abundance of the 
heavier elements like nickel-iron. We have followed the early 
stages of stellar evolution which lead to the consumption of 
lithium, beryllium and boron. Further contraction of the star 
leads to higher temperatures in the central regions, and reactions 
can then take place in which the hydrogen is built up into helium. 
These reactions occur within a central core of the star where 
the temperatures are of the order of 15 x 10°degC, and they 
support the evolution of energy in the star during its main 
radiating life. It takes about 10? years for 1% of the hydrogen 
to be consumed in the case of a star with the mass of our sun; 
for more massive stars this period is considerably shorter. 
When much of the hydrogen in the core has been consumed 
through the building-up of helium, further gravitational collapse 
and the corresponding increase in temperature lead to reactions 
between the helium nuclei, «-particles and the building-up of 
much heavier nuclei such as oxygen 16 and neon 20. Ina small 
fraction of massive stars this stage is followed by others in which 
much of the core becomes condensed into nuclei of nickel and 
iron. 

When matter has been condensed into nickel-iron, it is, from 
the nuclear point of view, in its state of lowest energy, and any 
further nuclear changes can occur only if energy is provided by 
other sources. If the central temperature, now of the order of 
10° degC, is further increased by gravitational contraction, the 
nickel-iron nuclei may be dissociated by the electromagnetic 
radiation, some of which, at these high temperatures, is in the 
form of y-rays. This involves the absorption of energy, and a 
rapid collapse of the core follows. 

As a result, the surrounding stellar atmosphere, still containing 
much hydrogen and helium, now unsupported through the 
collapse of the core, falls inwards into the region of very high 
temperatures hear the core. At these temperatures the reactions 
involving the transformation of hydrogen into helium, and others 
involving the release of neutrons, which at lower temperatures 
proceed relatively quietly, now take place explosively, in a 
fraction of a second. A catastrophe occurs in a period of the 
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order of minutes, and a super-nova appears in the sky. 
whole structure of the star is blown to pieces; it flares up 
brilliance so that its intrinsic luminosity for the first 30 da’ 
following the explosion is equal to about 10!° suns. 

The detailed analysis of these nuclear processes in stell 
interiors, so briefly outlined, has in recent years been active 
pursued, and it allows us to account for many important feat 
in the constitution of galactic matter, including the observe 
relative abundances of the isotopes of many of the hea 
elements. These successes give us confidence in the correctne 
of the essential features of the theoretical speculations. For o 
present purpose the important point emerges that it suggests| 
source of cosmic radiation which might be expected to inje 
into the galactic system fast nuclei, much richer in the hea 
elements like nickel-iron than is the average star such as oy 
sun. the 
But whilst it appears plausible to assume that material 
approximately the right kind, apart from the light elemen) 
lithium, beryllium and boron, is being injected into the galact 
system from super-novae, and that we can thus account for son 
of the most important features of the constitution of the prima 
cosmic radiation, the problem arises whether such a mechani 
allows us to explain the great energy of the particles, and wheth 
super-novae occur sufficiently frequently in a galaxy to provi( 
the total energy present in the form of cosmic radiation. A) 
important contribution to these speculations has been made |] 
recent studies of the Crab Nebula. 

Three super-novae have been observed to occur in our gala} 
in historic times, and studies in radio-astronomy allow us 
identify about a dozen more. For our present purpose tl 
most important was that recorded in the Chinese annals fi 
A.D. 1054. The Crab Nebula has been identified as the reli 
of that stellar explosion. This fascinating object is abo 
3000 light-years away, and its present radius is about 5 ligh 
years. In ordinary light it appears through the telescope as 4 
amorphous mass, but when photographed in the light of tl! 
hydrogen spectrum (Ha) it has a complicated filamentous stru} 
ture (Fig. 5). The gas is still rapidly expanding at abo} 
100km/sec—a speed greater than that of the gas at the cent} 
of an atomic bomb. } 

The spectrum of the light from some of the central regio} 
of the Crab Nebula shows no line structure like that emittd 
from excited atoms. It is a continuous spectrum similar to th} 
emitted by accelerated electrons with which we have becor) 
familiar in the past decade, and which we call synchrotron radi) 
tion. Such light is emitted by the beams of particles moving, 
circular orbits under the action of magnetic fields in the gré! 
synchrotrons. Such accelerated electrons emit light with afi 
quency determined by their energy and by the strength of t} 
magnetic field in which they are moving. Further, this emitt 
light is polarized. 

The light from the central regions of the Crab Nebula shoy 
such features. It suggests that there is a marked tendency f} 
magnetic fields to be established parallel to the filamento 
structures in the expanding gas, and that there are electrons 
great energy moving in roughly circular orbits round the li 
of magnetic force. The observed spectrum shows the presen 
of electrons of energy ~200 BeV, and it is reasonable to assur 
some of much greater energy are also present. The presence 
fast nuclei of even greater energy is even more plausible; th 
may be accelerated in processes similar to those which give ri 
to the fast electrons, but they lose their energy much less rapi¢ 
than do electrons of the same speed, being much less effecti 
in giving off electromagnetic radiation. 

The above considerations allow us to assume that a super-no 
is able to generate fast-moving atomic nuclei with kinetic energi 
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Fig. 5.—Two photographs of the Crab Nebula taken with the 
| Mount Wilson telescope. 


| (a) With a red filter transmitting light of Ha. 
(6) With a blue filter which passes the synchrotron radiation. 


The pattern of the photograph of type (6) changes with the polarization. 
| 


lin the range which we meet in cosmic radiation, and with a 
charge spectrum which is richer in heavier elements than the 
‘ordinary matter of the universe. It must be remarked, however, 
\that we cannot yet give a satisfactory account of the precise 
| mechanism whereby the particles, either electrons or protons, 
are accelerated. The tenuous gas in the relics of a super-nova 
is highly ionized, with associated magnetic fields similar in 
|many respects to the plasmas we employ in present attempts to 
oduce controlled thermonuclear reactions. This is matter in 
‘a state with which we are still little familiar, and the theoretical 
‘treatment of the interactions of the magnetic fields and the 
ents, the subject-matter of magneto-hydrodynamics, is very 
| aie except in highly simplified systems. But there have 
been optical studies of the Crab Nebula which indicate the 
resence of rapidly moving light-pulses. The outward move- 
nent of the matter in the super-novae, originally due to the 
e of the explosion, provides a source of energy whatever the 
ise mechanism whereby it is transmitted to the charged 
icles. 
_ Ihave said that the acceleration of protons is easier than that 
of electrons because they lose little energy in producing synchro- 
mn radiation. The remark needs to be qualified, however, in 
S sense: It is substantially true at relativistic velocities, for the 
ective masses of the particles are then effectively defined by 
heir energies; for energies of 200 BeV both electrons and protons 
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have energies about 200 times that of a proton at rest. But at 
lower velocities a charged particle loses energy by ionization and 
the rate of loss in passing through a given medium varies approxi- 
mately inversely as the square of the velocity. This effect makes 
it more difficult to accelerate protons up to energies of 1 BeV than 
electrons, if the density of the medium through which the particles 
are moving is such that ionization losses are appreciable, and 
any detailed picture of the mechanisms of acceleration will have 
to account for a satisfactory injection mechanism. But we have 
good evidence for the presence of electrons of energy 200 BeV, 
and the presence of fast protons is thus made plausible. 

Two features of the primary cosmic radiation now remain to 
be accounted for: the isotropic nature of the radiation approach- 
ing the solar system, and the presence of lithium, beryllium and 
boron, which are almost certainly absent from a super-nova 
immediately before it explodes. Why, for example, if indeed 
super-novae are an important source of cosmic rays, do we not 
find the particles which reach us tending to come from such a 
relatively near source as the Crab Nebula? For an approach 
to this problem we can appeal to some of the recent findings 
about the structure of the galaxy based on studies of radio- 
astronomy. 

Our galaxy is a spiral nebula which is something like 70000 
light-years across. The stars are most dense near the centre of 
the system, and the spiral arms are made of ‘stars’ contained in 
a disc about 3000 light-years thick. About 98% of all the 
matter in the galaxy is contained in the stars, but about 2% of 
it is in the form of interstellar gas and dust, most of which is 
confined to a thin flat layer in the plane of the galaxy in a belt 
about 1000 light-years thick. This interstellar matter, gas and 
dust, is very attenuated; it corresponds to a mean density of 
between about 1 and 10 atoms per cubic centimetre. 

But, in addition to these features, studies in radio-astronomy 
have shown that surrounding the spiral arms of a galaxy there 
is a halo of gas, getting thinner with distance from the centre 
of the galaxy. This halo, roughly spherical in form, about the 
centre of the galaxy, is more than 120000 light-years in diameter, 
and the density of matter in it is very much lower than in the 
disc. Evidence from the halo is derived from studies of the 
radio emission at a wavelength, for example, of 5m. The gas 
and dust in the galactic plane, and in the halo, are not uniformly 
distributed. As in the Crab Nebula, there appear to be clouds 
and filaments of matter—irregular concentrations. And, most 
important, there are irregular magnetic fields associated with 
these clouds. The average field strength in the galactic disc is 
estimated to be about 10~> gauss; in the halo it is somewhat 
less. We attribute the radio emission to synchrotron radiation 
from electrons. From its observed intensity it is estimated that 
the number of hydrogen ions and electrons in the halo corre- 
sponds to a mean value of the order of 20 per litre. 

As a consequence of these magnetic fields in the galaxy and 
in the halo, a charged particle, even of great energy, cannot 
pursue a straight course in interstellar space. It will be deflected, 
and the less energetic the particle the greater will be the deflection 
in a given field. As a result of the actions of these irregular 
magnetic fields, charged particles emitted from a super-nova 
will be subject to random deflections as they move through 
interstellar space, and their directions of motion will constantly 
change. Their progress from their source will be similar to that 
of a gas molecule in the body of a gas—a random walk with 
sudden erratic changes in direction—the process which leads to 
diffusion. This allows us to account for the fact that at our 
point of observation the particles appear to be arriving equally 
from all directions. 

Now, the limited number of super-novae observed in our 
galaxy and the frequency of their occurrence in neighbouring 
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galaxies suggest that they occur about once in every 300 years 
per galaxy. It is reasonable to suppose that they occur most 
frequently near the centre of the galaxy where the star population 
is highest, though definite evidence on this point is still lacking. 
If so, we can assume that most of the cosmic rays arise in the 
central regions of the galaxy, where the cosmic-ray density will 
be greatest, and thence that they diffuse outwards towards the 
periphery of the halo, the density of the radiation becoming 
progressively less. Eventually some of the particles, especially 
the most energetic ones, may diffuse out of the galactic halo 
and enter the regions of space between the galaxies. We do 
not know the distribution of the intensity of cosmic radiation 
within the galaxy, and the total amount of energy which it 
represents, so we cannot yet say whether the frequency of 
occurrence of super-novae, and the total amount of energy which 
each injects into the galaxy in the form of cosmic rays, is sufficient 
to account for the cosmic radiation. But tentative estimates 
suggest that the magnitudes are of the right order. 

Finally, we must return to the question of the lithium, 
beryllium and boron in the radiation reaching our atmosphere. 
We have seen that we can account for it as resulting from the 
fragmentation of heavier nuclei. We can get an idea of how 
much matter has been penetrated in the following way: Suppose 
all the fast cosmic rays injected by the explosion of the super-nova 
were in the form of nickel-iron with no lighter elements at all. 
Then we find that to reduce the proportion of nickel-iron to the 
values observed in the primary cosmic radiation would require 
passage through about 10 g/cm? of the interstellar gas—which is 
largely hydrogen and helium. That is, if all the gas in the 
regions through which the particles passed on their way from 
the source to the top of our atmosphere were pressed together 
it would weigh 10 grammes for every square centimetre. We 
know that the primary stuff cannot all be nickel-iron; some 
lighter elements like carbon, nitrogen and oxygen must also be 
injected, so this is an upper limit. 

We can get another estimate by calculating the amount of 
gas which must have been penetrated to provide the amounts 
of lithium observed, and this gives a value of about 3 g/cm?. 
But we do not know at what stage in the history of the cosmic- 
ray particles which reach our atmosphere they passed through 
such an amount of matter. If, for example, they move in the 
gas of the galactic disc, where the density is relatively high, they 
will have to penetrate a much smaller distance before making a 
collision than when moving in the much more tenuous gas in 
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the halo; and a smaller distance still when moving in the expand-+) 
ing gas of the relics of the parent super-nova. ; 

So we cannot yet estimate the time it takes, on the average, 
for a particle of the cosmic radiation to pass from its point off 
origin to the earth. If, for example, the diffusion of the cosmic+ 
ray particles were confined to the relatively dense gas in the 
galactic disc, the traversal of an amount of matter corresponding! 
to the penetration of 3 g/cm? of hydrogen would require 10’ years: 
if its random motion were confined to the halo, approximately) 
10° years. | 

So our present state of knowledge leaves many importani 
questions unanswered. Some authors suggest, for example, thai 
there are other sources of cosmic radiation in addition to super! 
novae. They consider that there is too much hydrogen in th 
primary radiation to be accounted for if this were the onl 
source. Indeed, we know from recent observations that durin 
some solar flares the sun emits protons of moderate energie: 
approximately 100 MeV, in large numbers. But it appears mo: 
difficult to account for their acceleration to the great energie 
characteristic of the cosmic radiation than in the case of particles 
from the super-novae, and the sun appears to emit very few, 
any, heavier elements. 

Some authors, too, prefer to assume that the diffusion processe¢ 
take place only in the spiral arms of the galaxy within which the 
particles are confined by the stronger magnetic fields which exis! 
there. It is an open question also whether the particles o. 
greatest energy of which we have evidence are due to protons 
They may be heavier nuclei such as nickel-iron, which would be 
more easily confined by the general magnetic fields. 

So we are at a particularly fascinating stage in the history o} 
the subject. The development of knowledge about the evolutior) 
of stars and the generation within them of the chemical element: 
from the primeval hydrogen, and our increasing knowledge o} 
the structure of the galaxies by studies in radio-astronomy, have) 
greatly increased our insight into the possible mechanism)) 
whereby the cosmic radiation is produced. Certainly mucl 
remains to be done, but we believe many of our present specula/ 
tions must have features not far removed from the truth. Ii 
this situation, I cannot do better than end with a remark o} 
Bacon’s: 


The universe is not to be narrowed down to the limits of th) 
understanding, as has been man’s practice up till now; but rathe 
the understanding must be stretched and enlarged to take in th 
image of the universe as it is discovered. 
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SUMMARY 

‘Thermistors are components of comparatively recent development, 
although the phenomenon of conduction in metallic salts was recorded 
by Faraday over a century ago. 
| The paper, in a broad survey of the subject, describes the theory of 
\their operation, explains why they, in common with other semicon- 
(ductor devices, possess a negative temperature coefficient of resistance 
jand develops the expressions which govern their parameters. 
| Methods of manufacture of the various forms of thermistor are 
‘outlined in general terms, and numerous applications of the device 
‘are described and discussed. Guidance is given on the approach to 
circuit problems, and the possibilities of exploiting some of the device’s 
interesting and unusual properties are indicated. The point is made 
that the thermistor can now be used in many fields as an adequate 
alternative to components of more specialized application. 


LIST OF SYMBOLS 


A = A constant. 
a = Temperature coefficient. 
& = Value of « when T = Tp. 
B= A constant. 
C = Capacitance. 
_¢, D = Constants. 
| d=Asmall negative number. 
| F= A constant. 
h = Specific heat, J/g per degC. 
J = Current, amp. 
| k= Boltzmann’s constant. 
| k’ =A constant (of the order 3 x 10~12). 

K = Dissipation constant. 

L = Effective inductance in the equivalent circuit’ of a 

thermistor. 

/& = Mobility of electrons. 

n = Number of electrons in a free:state. 

N = Number of places occupied by valence electrons. 

R = Resistance, ohms. 

Ro = Cold resistance. 
__ Ry = High-frequency resistance of a thermistor. 

Rr = Relay resistance. 

R, = Slope resistance. 
_ R= Value of R when thermistor temperature tends to 
: infinity. 

p = Density of thermistor material, g/cm’. 
= Resistivity, ohm-cm. 


f = Time. 
Ld T = Absolute temperature. 


Ty = An arbitrary temperature reference. 
T, = Thermistor temperature when V = V,,,,,. 
_ T>, = Half-temperature. 
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7 = Thermal time-constant. 
0 = A given constant temperature. 
v = Volume, cm?. 
V = Voltage. 
Vinax = Maximum value of V (occurs when dV/dI = 0), 
W, = Energy gap. 


(1) INTRODUCTION 


A thermistor is a temperature-sensitive resistor. It has a large 
negative resistance/temperature coefficient which typically lies in 
the range 1-5% per degC. The law of resistance against tem- 
perature is usually exponential. Thermistors are made from 
materials which are classed as semiconductors and in practice 
these are often a combination of metallic oxides or sulphides. 

Conduction in thermistors is purely electronic and, provided 
there is no change in the temperature of the element, current is 
proportional to applied voltage. 


(2) MATERIALS 

Conduction in silver sulphide was first recorded by Faraday 
in 1837, and the nearly metallic degree of conduction by amor- 
phous carbon is utilized in arc lamps and in brushes for rotating 
machinery. Triferric tetroxide can also be used as a thermistor 
material although its temperature coefficient is low compared 
with that of other materials. 

Before 1939, thermistors were made on the Continent from 
uranium dioxide, from a magnesium oxide-titanium dioxide 
mixture and from copper oxide. These materials have, in 
general, been superseded because of inherent difficulties in their 
manufacture; for example, in order to obtain practical resistivity 
values from copper oxide it has to be sintered at a temperature 
of 1000°C and a pressure of 130001b/in? in oxygen. 

During the war, developments! in the United States using 
mixtures of manganese, nickel, copper and cobalt oxides started 
the modern trend in thermistor materials which are sintered in 
air and are readily controlled in resistivity by varying the propor- 
tions of the constituent oxides. More recently, materials in 
commercial use have been based on mixed ferrites or triferric 
tetroxide containing traces of lithium oxide. All the materials 
at present used in thermistors appear to be mixtures of various 
oxides. In addition to those already mentioned, oxides of 
vanadium, chromium, titanium and tungsten have been used. 


(3) THEORY OF OPERATION 
(3.1) Conduction in Oxide Semiconductors 


Solid materials may be divided broadly into three groups, 
conductors, semiconductors and insulators. The division can 
be made arbitrarily in terms of the resistivities; conductors have 
resistivities less than 0-1 ohm-cm, semiconductors between 
0-1 and 10? ohm-cm and insulators greater than 10? ohm-cm. 
The more scientific division of the three groups is made by 
referring to the value of the energy gap. This is non-existent in 
conductors, is between 0:1 and 3eV in a semiconductor and 
greater than 3eV in an insulator. It will be appreciated that 
there can be no rigid division between the various groups. 
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Fig. 1.—Various types of thermistor. 


(a) Indirectly-heated bead for remotely controlled variable resistor, e.g. in automatic 
gain control. 
(b) Directly-heated bead for time delay, a.g.c. circuits or current surge suppression. 
(c) Rod-type for current surge suppression. 
(d) Directly-heated bead for microwave power measurement. 
(e) Directly-heated bead, probe-type thermomieter. 
(f) Directly-heated bead with a wide range of applications. 
(g) Bead (f) mounted in metal case. 
CUO for temperature measurement, control and compensation (up to 
(j) Disc type, as for (h), mounted for surface measurements. 
(k) Directly-heated bead, skin thermometer. 
(D Directly-heated bead, a more power-sensitive version of (5). 
(m) Directly-heated bead for anemometry and thermal conductivity measurements, 
e.g. vapour-phase chromatography. 


The oxide semiconductors form a class of materials in which 
conduction is electronic as opposed to ionic and which, as far 
as their temperature sensitivity is concerned, have a good deal 
in common with intrinsic monocrystalline semiconductors such 
as germanium and silicon. The structure and the mechanism of 
conduction in a monocrystalline semiconductor is reasonably 
well understood but this is far from being the case with an 
oxide semiconductor. It is useful to enumerate the ways in 
which the physical properties of an oxide semiconductor differ 
from those of a monocrystal: 


(a) The oxide semiconductors are made up of granules, each of 
which is a monocrystal of a definite structure, but the very large 
number of grain boundaries must also play an important part in 
the semiconductor action. 

(b) The bonds between atoms are partly ionic and partly covalent 
rather than completely covalent. 

(c) Conduction depends on physical imperfections rather than on 
chemical impurities. While impurities can modify the behaviour 
of an oxide semiconductor and a high order of chemical purity is 
necessary in its constituents, such requirements are not nearly as 
stringent as in monocrystalline materials. 

(d) There are two forms of conduction and these are recognized 
as resulting from excess of electrons or deficiency of electrons, i.e. 
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holes. These correspond, not to acceptor and donor impurities,| 
but to two types of lattice defects, Frenkel defects and Schottky) 
defects. Ina Frenkel defect there is an extra ionized metal atom in| 
the lattice which is not bound to.an oxygen atom and the electrons 
associated with this atom can take part in conduction. The result} 
is an excess or n-type semiconductor. Ina Schottky defect there is| 
a positively ionized divalent metal atom missing from the lattice 
and to maintain electrical neutrality two electrons must also have 
been removed. This results in a deficit or p-type semiconductor} 
The n-type semiconductor corresponds to a deficit of oxygen and} 
the p-type to an excess of oxygen. This explains the importance of) 
the oxygen content of the atmosphere in which thermistors are made} 
and the importance of the heat treatment which produces the defects 


This qualitative summary is based on an excellent survey of! 
the subject, given by Goudet and Meuleau.2 No quantitative 
theory appears to exist which can adequately explain the} 
behaviour of the oxide semiconductors. 


(3.2) The Resistance-Temperature Equations 


The relation between the number of charge carriers and the} 
temperature can be obtained by an argument on the following) 
lines.? It is assumed that in the crystal lattice there are N places) 
occupied by valence electrons and that at an absolute tempera: 
ture, T, there will be n of these N electrons in a free state. A 
activating energy, W,, is required to excite the electrons. | 
corresponds to an effective energy gap and has a value of about) 
0-SeV for a typical thermistor. (A similar argument could be} 
used for holes.) In thermodynamic equilibrium 


n’|(N — n) = Fexp(—W,|kT) + 2) @ 


where F is a constant or a function which is slightly dependen} 
on temperature. If mis much smaller than N, 


n = »/(FN) exp (—W,/2k1), 9) Seen Q| 


The conductivity is equal to the product of n and the mobility 
pt, of the electrons. Mobility will probably vary with tem 
perature according to a power law which will depend on thq 
materials concerned: 


pol? . . 4) 


where d is a small negative number. 
From the above, the equation quoted by Becker, Green an¢ 
Pearson! for the resistivity of thermistor materials is apparent 


D 
ps = AT “exp =, - 2 |) oe 


where A, c and D are constants. In practice, D usually li¢ 
between 1 500° K and 6000°K, c is a small positive or negativ) — 


values. 
The above is usually expressed as a resistance equation an 
reduced to the form 


B 
R= Ro€XP 7, - : 


where B is a constant which is typically of a value similar to 
This is accurate enough for a number of practical application 
when temperature changes are small compared with the absolu 
temperature. An empirical form of the thermistor resistance 
temperature equation has been given by Bosson et al.* and this. 


B 
R= Ra OX? ag oe). ie 


where @ is a constant temperature. This equation is shown 1 
fit the measured characteristics of two manufacturers’ thermisto: 
with fair accuracy over a range of temperature. 
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(Fis. 2.—Resistance/temperature characteristic of a bead thermistor. 


| : : oy 
, A typical resistance/temperature characteristic for a bead 
(| thermistor is given in Fig. 2. 


(3.3) Dissipation Constant 


| The incremental dissipation constant—the power required for 
) a unit temperature rise—is a parameter of importance in many 
| thermistor problems. The dissipation constant is dependent on 
| the nature of the environment of the thermistor and on how the 
) thermistor is mounted; the conditions under which it is measured 
must therefore be specified. Strictly, the dissipation constant is 
‘| not constant but depends to a small degree on the temperature at 
| which it is measured.! 

__ When the temperature difference is large, the power dissipated 
is not a linear function of temperature difference and Smith? has 
|, given a formula for power loss: 


PaRIAT ER (ATS Pk 2 


| M here k’’ is of the order 3 X 10~12. In practice the dissipation 
| constant, K, may range from 10 W per deg C for a bead in vacuo 

to 50mW per degC for large rods or for discs mounted on a 
le sink. 


(3.4) Time-Constant 

_ The time taken for the excess temperature of the thermistor 

drop on cooling to 1/e of its initial value is the thermal time- 
constant, 7, and to calculate 7 one must have a knowledge of 

i the thermal capacitance (i.e. mass and specific heat) of the 

thermistor as well as its dissipation constant. The density of 
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THERMISTOR CONSTANTS 


Construction K 


W per degC 
x 10-3 
Bead in Saves bulb 
Rode... 
Disc 
Disc on mounting-plate 


attached to heat sink 
Bead in glass _ 
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thermistor material is about 4-5 g/cm? and its specific heat about 
0:7J/g per degC. The thermal time-constant is given by 


CLIN ie ee ky Mee Re) 


Table 1 shows values of 7 and K for various types of thermistor. 
Fig. 3 gives a cooling curve for a rod thermistor; in this instance 
the cooling law is exponential, but with other forms of construc- 
tion, for example when the thermistor is surrounded by a solid 
material such as glass or resin, marked departures from a simple 
exponential law can occur. 
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Fig. 3.—Cooling curves. 


(a) Rod thermistor, 
(6) Unit encapsulated in resin. 


(3.5) Temperature Coefficient and Half-Temperature 
The temperature coefficient, «, is defined as 


1 dR 
Pa 7" . . 5 . . . (9) 


and if the simplest form of the thermistor resistance-temperature 
relationship, eqn. (5), be assumed, 


a= — BT. (10) 

It is sometimes useful to know the temperature change, AT7>, 
which will halve or double the thermistor’s resistance compared 
with its value at an arbitrary reference temperature, 7): 


log. 2 


ae 4 loge2 © 


(11) 


— ay + T 
where « is the value of « when T = Ty; the plus sign applies 
to doubling the resistance and the minus sign to halving it. 


(3.6) The Voltage Maximum 


The static voltage/current characteristics, Fig. 4, have a 
voltage maximum, V,,,,, and it may be shown that this is 
dependent only on the dissipation constant, the cold resistance, 
the ambient temperature, and B: 
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Fig. 4.—Voltage/current characteristics of a rod thermistor at 
various ambient temperatures. 


7, = 31-40 -% | 


which is the temperature of the thermistor when V = V,,,,,.. 
Only materials with a negative temperature coefficient of 
resistance will show a voltage maximum. 


where 


(13) 


(4) THERMISTOR MANUFACTURE 


The normal types of thermistors may conveniently be grouped 
into four basic types, rod, disc, flake and bead, according to the 
method used to obtain the final shape of the semiconductor body 
(Fig. 1). In each case the basic materials, usually metallic 
oxides, are intimately mixed and ground to a homogeneous fine 
powder in a ball mill or similar device. This powder is then 
bound by a suitable organic binder, sintered by firing after being 
shaped to the required form, and dried. The unit is then aged to 
achieve electrical stability. The ageing process is lengthy and 
precise in the case of thermistors designed for exact thermal 
measurement applications. For example, a thermistor may be 
measured at 20°C, stored for a week at 100°C and rejected if it 
shows a resistance change of more than 1% during this period. 

The resistivity of the material is determined mainly by the 
proportions of the ingredients and it is usual to maintain a careful 
control of the materials by chemical analysis of the mixtures. 
Minor variations in the resistivities of the final product are 
corrected by slight variations in the firing temperature, which 
varies between 1 000 and 1 350° C, although the permissible range 
for any one material may be as little as 10°C. The nature of 
the atmosphere around the thermistor bodies during the sintering 
process varies with the starting materials, and it may also be 
necessary to control the rates of heating and cooling of the 
bodies, as well as the maximum temperature. 

Fig. 5 shows how the resistivity of the semiconductor material 
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Fig. 5.—Variation of resistivity at 20°C with copper-oxide content. a 
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Fig. 6.—Temperature coefficient versus resistivity using material 
shown in Fig. 5. Ay 


decreases with increasing copper-oxide content, and Fig. 6 show! — 
how the temperature coefficient is related to the resistivity. 
Rod-type thermistors are usually made by combining 
powdered oxides with an organic binder to form a plastic body) 
extruding the material through a die, usually of circular cross 
section, and cutting to length. The bodies are dried and fire¢ 
slowly to avoid cracking and distortion. The processes used 
are analogous to those used in the ceramic industry. | 
sintered rods have metallic contacts applied to the ends, eithei 
by metal spraying or by sintering on a metallic paste, and th 
units are completed by pressing on wired end-caps or by solder’ 
ing on lead-wires. The solder used for this process is usually 0} 
a higher melting-point than the normal electrical quality in ordei 
to be able to use the full temperature range of the material. 
Disc- and washer-shaped bodies are made in machines similai) 
to those used for making medicinal tablets. The dry powder is 
usually bound and, when dry, recrumbled to grains which flow 
more easily through the machine than would a fine amorphous 
powder. The resultant coarse powder is fed automatically inte 


|| die where it is formed at high pressure into a relatively hard 
\lise and then automatically ejected. Metallic contacts are 
' \pplied, as for rod thermistors, and the units may have lead-wires 
ir base-plates attached. With this type of thermistor it is 


jossible to obtain an economical output of close-tolerance units 


‘netal from one of the faces of the disc. 

‘| Flake-type thermistors, used as sensitive infra-red detectors, 
re made by applying to a glass plate a coating of thermistor 
\material suspended in an organic binding solution and, after 
irying, cutting the film into flakes before firing. This type is 
"hot currently in production in Europe. 

'| Thermistor beads are components of a wide range of devices, 
he size of the bead and the diameter of its lead-wires depending 
bn the final unit. The basic method of manufacture is the same 
“m each case. The choice of materials for the lead-wires is 
 imited to materials which 


the thermistor. 

| (6) Have a coefficient of thermal expansion similar to that of the 
' thermistor. 

| (©) Are resistant to oxidation in the case of thermistors sintered in 
! an oxidizing atmosphere. 


These considerations usually limit the choice to platinum or 
‘pne of its alloys. A jig is used to hold the lead-wires (0-001-— 
/0-004in diameter) parallel under slight tension and spaced 
/)-003-0-015in apart. A slurry is made of the powdered oxides 
by mixing them with a dilute organic binder and is applied 
Manually to the wire forming strings of beads. The diameter 
\ls carefully controlled by inspection on a projection magnifier. 
The diameter varies between 0-007 and 0:03in depending on 
the type of thermistor required. After drying, the strings of 
\ beads are sintered and the lead-wires are cut to produce the 
‘individual beads. There are three possible methods of cutting 
the leads (Fig. 7) giving alternative mountings in the complete 
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7.—Diagrammatic representation of how beads are manufactured 
and cut for various types of assembly. 


thermistor. The individual beads are pre-tested under conditions 
of controlled temperature and are stored until needed for final 
‘assembly. In order to produce a stable thermistor, it is essential 
to protect the bead from moisture; this is done by sealing it in 
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iis the resistance can be adjusted by removing small areas of 


(@ Have a higher melting-point than the sintering temperature of 
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solid glass or in a glass bulb. The bulb is either evacuated or 
filled with a carefully dried gas. 

Bead-type thermistors may be directly or indirectly heated. 
Directly-heated thermistors use beads cut as in Fig. 7(a). The 
lead-wires are welded to heavier wires of a glass-sealing material, 
such as Cunife, and pinch-sealed into a bulb. A 0-007in bead 
in an evacuated bulb gives a power sensitivity of 0:02mW per 
deg C, whilst a 0:03in bead in a gas-filled bulb gives a power 
sensitivity of 0‘SmW per degC. Indirectly-heated thermistors 
use beads cut as in Fig. 7(b). The bead is enclosed in a small 
heater made from a wire having a low temperature coefficient 
of resistance, from which it is insulated by a special cement 
having high electrical and low thermal resistance. This sub- 
assembly is welded to a four-wire stem, the double connection 
of the thermistor lead-wires lending rigidity, and is sealed into a 
glass bulb (Fig. 8). Power sensitivities vary between 0:05mW 


Fig. 8.—Construction of indirectly-heated thermistor. 


per deg C for a small assembly in an evacuated bulb and 2mW 
per deg C for a large assembly in a gas-filled bulb. 

The methods of manufacture of the many special-purpose 
thermistors, such as manometers, anemometers, r.f. power- 
measuring thermistors and thermistor thermometers, are basically 
the same as those described above. Skin thermometers, for 
example, are made from beads cut as in Fig. 7(c), coated with 
glass and sealed to a copper disc; while for probe-type thermo- 
meter the bead, cut as in Fig. 7(a), is sealed in glass at the tip 
of an elongated bulb. 


(5) APPLICATION OF THERMISTORS TO THERMAL 
MEASUREMENT, CONTROL AND COMPENSATION 


In almost every field of scientific endeavour and industrial 
development the thermistor plays an important part as a tem- 
perature-sensing element, in the measurement of the thermal 
conductivity of a medium and in the measurement of heat 
radiation. 


(5.1) Temperature Measurement and Control 


The thermistor has the following advantages for temperature 
measurement: 


(a) A large temperature coefficient. 

(6) Small size. 

(c) An ability to withstand electrical and mechanical stresses. 

(d) A wide operating temperature range from well below® 0°C to 
200° C or higher for special types. 

(e) A wide range of resistance values. 


Disadvantages are a non-linear resistance temperature charac- 
teristic, the need for auxiliary apparatus to obtain a temperature 
reading and a reputed inability to maintain its calibration. 
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The temperature coefficient (eqn. 10) is very dependent on 
temperature. Examples of its variation for a typical thermistor 
are given in Table 2. 


Table 2 


VARIATION OF TEMPERATURE COEFFICIENT WITH TEMPERATURE 


Absolute temperature Resistance Temperature coefficient 


deg K kQ 
200 


150 
4-1 
Liev 
0-25 
0-034 


273 
300 
373 
473 


By using resistors in series and parallel with the thermistor7-!° 
the characteristics can be adjusted to give a linear indication 
of temperature to a degree of accuracy which will depend on 
the temperature range to be covered and the temperature coeffi- 
cient required. For example, with « = — 4% per degC and 
a network with a temperature-coefficient of —0-08% per degC, 
the departure from linearity would be about 0:02°C in 10°C. 
In general, the characteristic can be shaped by a series and 
shunt resistor to approximate to any desired curve. To most 
curves of a simple geometric form, a perfect fit can only be 
made at a maximum of three points, unless more complex 
networks using more than one thermistor are allowable. 

The accuracy with which temperature may be recorded will 
depend on: 


(a) The measuring circuit. 

(b) Whether absolute temperature or a small temperature dif- 
ference is required. 

(c) Whether short- or long-term stability is needed. 

(d) The construction of the thermistor, e.g. bead or rod. 

(e) The manufacturing process and the treatment (e.g. ageing) of 
the thermistor after manufacture. 


To record temperature accurately with a thermistor, a 
Wheatstone bridge with the thermistor as one arm is preferable, 
but for imprecise measurement simpler arrangements (e.g. a 
battery, meter and thermistor in series) may be used. It is 
possible to incorporate the shaping network in the arms of 
the bridge!® so that the bridge gives a linear indication of 
temperature over a limited temperature range. For the measure- 
ment of temperature difference, as opposed to absolute tem- 
perature, two thermistors are required and these can form two 
arms of the bridge, but their temperature coefficients must be 
matched over the operating temperature range. 

The literature! 11-19 contains a number of references to results 
which have been obtained in practice for thermistor stability, 
but it is difficult to draw any very definite conclusions from these 
as they are to some extent conflicting. The following conclu- 
sions can, however, be drawn: 


(a) Measurement of a small temperature difference over a short 
period of time can be made to a high order of accuracy; 0:0002°C 
has been claimed!4 in a temperature difference of 0:01°C. A short- 
term resistance stability of 5 parts in 106 (corresponding to a tem- 
perature accuracy of about 0:0001°C) has been observed.13 

(6) For larger temperature differences over a short period of time 
Beck12 quotes a figure of the order of 0:01°C in a temperature 
difference of 6-12°C. 

(c) Long-term stability will depend on the previous history or 
ageing of the thermistor and may be affected by thermal shock or 
large temperature changes. The thermistor should be cycled over a 
temperature range in excess of its working range prior to calibra- 
tion. No conclusions about thermistors in general can be drawn 
regarding long-term stability as the factors affecting performance 
are too many and too varied. 
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Fig. 9 shows the result of ageing a batch of 50 thermistor; 
over a period of one year. From these results a long-tern} 
stability of --0-2°C seems to bea reasonable expectation. 
stability could in fact be nearer +0-1° C if there were calibratioy 
errors which cancelled the apparent thermistor drift. 
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Fig. 9.—Ageing characteristics of 50 thermistors type M52. 


Thermistors cycled once to 100° C between each test and stored at room temperatu (| 
measured at 20°C + 0-1°C. 


Alternative methods of temperature measurement which ar/) 
commonly used are glass thermometers, platinum resistance) 
wire thermometers and thermocouples. Each instrument ha 
advantages and, in general, a thermistor is chosen where remot} 
indication is required, working conditions would result in } 
glass thermometer being broken, small size is essential, or wher} 
a small temperature difference is required. A platinum-resis) 
tance thermometer is chosen where long-term stability is of 
highest importance or where the temperature is too high for 
thermistor. A thermocouple is an alternative to a thermisto| 
in many cases, but its disadvantages are that it measures onl} 
temperature difference and that the associated electrical equip] 
ment may need to be more sensitive. Because the mercury (6} 
alcohol) in a glass thermometer is direct reading, it is usually th) 
first choice for temperature measurement and the alternatives a 
employed only for the reasons given above or for other speciz 
reasons. 

The delay in a thermistor’s response to a sudden temperat 
change will depend on its construction and the nature of if 
environment”? and may vary from a fraction of a second t 
several minutes. Speed of response is one of the factors whic’ 
determines whether a bead or disc thermistor is most suitable fe 
a specific job. A bead thermistor will respond more quick] 
but is less robust and is more subject to self-heating from th 
current in the measuring circuit. Rod thermistors are nc 
generally recommended for temperature measurements. 

The thermistor is a versatile indicator of temperature, as ma! 
be seen from the wealth of its applications; these range fror 
the measurement of soil,!® water!? and air?!»22 tempera 
through the measurement of bearing temperature in larg 
machines?? to the inclusion of a thermistor inside the bor 
of a hypodermic needle to measure subcutaneous bloo 
temperature.”4 

Most temperature-control applications differ from temperé 
ture-measurement applications only in the way in which th 
output or error signal from the thermistor is handled. In contr¢ 
applications the error signal from a thermistor is amplified an) 
either operates a relay? 33.34 on an on-off basis, or contro} 
the conduction period of a thyratron, hard valve or transiste 
as a proportionate control.2> By simple analogue compute! 
techniques the rate of change of temperature as well as th 
absolute error may be taken into account, and fluctuatior 
about the mean value reduced. Such a technique is used i 
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“\the control of block temperature in pressure die-casting 
" |\machinery.°° 

- A temperature alarm system can be made to be much simpler 
")than an accurate control system. Reference to Fig. 4 shows that 
Vinax decreases with temperature, and if a constant voltage is 
applied to a thermistor there will be a sudden increase in current 
at a critical temperature which is sufficient to operate a relay 
jon, for example, a fire alarm or a standby warning on a radio 
» receiver.>? 


(5.2) Temperature Compensation 


| The thermistor has the advantage of a relatively large resis- 
| tance/temperature coefficient so that its characteristic may be 
‘shaped to be the same or the opposite of that of the circuit 


‘| temperature coefficient is that it tends to reduce the loss of the 
‘compensating network. Considerable ingenuity may be needed 
‘in using a thermistor where a device with a positive temperature 
’ coefficient would be more suitable, and this makes the tungsten 
‘filament lamp a serious rival to the thermistor in some 
| applications. 

| Temperature compensation of wire-wound devices such as 
eter movements2> 2° and cathode-ray-tube focus and deflection 
coils are typical examples of the positive temperature coefficient 
‘of copper being balanced by the negative coefficient of a 
thermistor-resistor network. The temperature dependence of 
the frequency of an oscillator, whether LC?’ or crystal*® con- 
trolled, may be reduced by the use of a thermistor. 

| Most elaborate compensating systems2? 3° (Fig. 10) are needed 
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| for long cables where the attenuation/frequency characteristic is 
a function of temperature, and several thermistors may be used 
| in the compensating filters of a repeater amplifier. A pilot 
| channel provides a special signal which is compared with a 
teference voltage. The resultant error voltage is applied as bias 
| to a thermistor. The resistance of the thermistor affects the 

gain and acts to adjust it to the desired value. The use of a 
React system of this sort in a line containing a number of 
I ters will result in the build-up of low-frequency oscillations 
less the time-constants of the thermistors are long compared 
ith other time-constants in the system. Also, the attenua- 
n/phase characteristic of the thermistors at low frequencies 
y have to correspond to those of a simple RC network. 


DIFFERENCE A.C. 
GIVING ERROR 
SIGNAL 
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Special directly-heated thermistors with a high ratio of time- 
constant to mass have been developed in order to obtain the 
required stability and sensitivity. 

Semiconductors in general are noted for their large tempera- 
ture coefficients and are often compensated by a thermistor, for 
example in transistor circuits?! and in photographic exposure 
meters using selenium cells. 


(5.3) Measurement of Thermal Conductivity 


If a thermistor is heated directly by an electric current, its 
resistance will depend upon its heat loss to the surroundings 
and therefore on the composition and velocity of the medium 
in which it is situated. Thus, thermistors can be used to deter- 
mine the composition of a gas in gas chromatography,?” 38 39 
for the measurement of pressures down to 10—-°mm Hg”? or the 
control of a vacuum furnace.*! They may indicate rates of flow, 
the level of a liquid and wind speed.”!> 42:43 The thermistor’s 
resistance will also be affected by ambient temperature and some 
form of compensation or correction is usually necessary, though, 
if the thermistor is run hot, at say 150°C or more, correction 
for small ambient temperature changes is not always essential. 

The bead thermistor has several advantages over a hot-wire 
instrument: it is smaller, requires less power, is more temperature 
sensitive and may be less subject to corrosion. 


(5.4) Measurement of Radiation 


Thermistors can measure infra-red radiation, but have to some 
extent been superseded by recently-developed semiconductor 
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Fig. 10.—Thermistor in line repeater amplifier (pilot regulator). 


compounds such as indium antimonide or lead telluride. The 
mechanism is again one of a temperature rise causing a resistance 
change, whereas the semiconductor compounds depend on the 
generation of minority carriers having an appreciable lifetime. 
Nevertheless, specially mounted bead-type thermistors are suit- 
able for simple portable instruments, for example in the measure- 
ment of solar radiation,** and flake thermistors*> have been used 
in bolometers. 


(6) APPLICATION OF THERMISTORS TO THE MEASURE- 
MENT AND CONTROL OF ELECTRICAL QUANTITIES 
The thermistor is very well established as a power-measuring 

device; that it can be used in the measurement of voltage, current 
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and impedance in several novel ways is perhaps less well known. 
It can also play a vital part in a.g.c. systems, volume limiters 
and expanders, and voltage stabilizers. It can act as a surge 
suppressor and provide a delay. 

All these applications depend on a change in resistance caused 
either by the signal to be measured or by the control signal or 
by the signal to be controlled, so that the power sensitivity of 
the thermistor will be important. 

In some voltage-stabilizer circuits, for surge suppression 
applications and in delay circuits the operation depends on the 
thermistor having a negative temperature coefficient. A positive- 
temperature-coefficient device would be satisfactory in a number 
of these applications, and the fact that thermistors are used is 
mainly because they have, or can have, a high temperature 
coefficient, a high power sensitivity and are robust and compact. 


(6.1) Measurement of Electrical Quantities at Audio and 
Radio Frequencies 


The indirectly-heated thermistor can act as an a.c.—d.c. transfer 
device:*47 a known proportion of the alternating voltage or 
current to be measured is applied to the heater winding of the 
thermistor and the resulting change in bead resistance is com- 
pared with the corresponding result when d.c. is applied to the 
heater. To compensate for changes in ambient temperature a 
bridge circuit with thermistors in two arms of the bridge is 
commonly employed. Limitations on accuracy are imposed by 
the degree of matching obtainable between the thermistors, at 
low frequencies by the thermal time-constant of the bead, and 
at high frequencies by the inductance of the heater winding. A 
radio-frequency milliameter has been described*® which will 
work up to a frequency of 10 Mc/s with a negative error of 4%. 
Basically these are all power measurements. 

For the measurement of a low conductance at a high frequency 
a bridged-T network is sometimes used. In such cases the 
resistor which bridges the T must be variable and stray capaci- 
tance and inductance effects impose limitations on the com- 
ponent. The r.f. resistance of a thermistor which bridges the T 
is controlled by the direct current passing through it, and this 
bias is automatically adjusted to obtain the required balance.*? 
Accurate results up to a frequency-resistance product of 
50 Mc/s X kilohms are claimed, the upper limit being deter- 
mined by lead inductance and the shunt capacitance of the bead. 
This is an example where the thermistor is used as a control 
device rather than as an indicator of power. 

In general, the high-frequency limitations of a thermistor will 
depend on the application and will be influenced by the following 
factors: 


(a) Heater inductance in the case of the indirectly-heated 
thermistor. 

(6) For directly-heated thermistors,5°9 shunt capacitance and/or 
lead inductance, but in some cases these effects may be cancelled and 
distributed capacitance will determine the upper frequency limit. 


The effect of distributed capacitance is to reduce the real 
component of the bead impedance in a way which may vary 
from bead to bead and which is influenced by the method of 
manufacture. By the use of suitable manufacturing techniques 
thermistors giving satisfactory operation at several hundred 
megacycles per second are practicable. This is one facet of the 
thermistor’s behaviour which could profitably be investigated in 
greater detail. ~ 

A distinction is drawn between the measurements described in 
this Section, where the thermistor’s heater or bead impedance 
must be known accurately, and those in the next Section, where 
it need not be known. 
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(6.2) Power Measurement in Waveguides and Coaxial Systems) 


Thermistors are commonly used for the measurement of powe 
at radio and microwave frequencies.°!*4 It is the usual practice), 
to cancel the reactive component of the thermistor impedance by} 


equal to the low-frequency value; all that is required is for the 
thermistor to be a good match and matching is adjusted by a d.c)) 
bias on the thermistor (usually a bead type). 

The design of the thermistor mount is, however, a factor] 
of major importance in microwave equipment. Reasonably, 
accurate results can be obtained down to a wavelength of 
3cm, but below this a significant proportion of the incident) 
power is dissipated in the leads to the thermistor bead>> owing) 
to skin effect and this can lead to errors of up to 50% at milli) 
metric wavelengths. It would appear that, if a thermistor i is te 
be used at Q-band frequencies, a new form of construction wi 
have to be found. 

For the measurement of power, the thermistor forms part off 

a bridge circuit and it is convenient to make this bridge give § al 
Gis indication of power. Several methods of achieving 
are given in the literature. 10 54, 56 


(6.3) Control of Electrical Quantities, Including Use in 
A.G.C. Systems, Volume Limiters and Expanders 


Many automatic-gain-control systems have thermistors as ari 
element in the feedback path to maintain a constant output level 
Output stabilization is achieved because any tendency of the 
output level to increase results in a decrease in thermistor resis} 
tance and hence in an increase in negative feedback. The 
thermistor may be incorporated in a bridge or form part of a T+ 
or 7-network (see Fig. 11). Fixed-frequency Meacham bridge* 


AMPLIFIER 


Fig. 114.—Amplifier with thermistor in the feedback loop. 
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Fig. 118.—Meacham bridge oscillator. 


oscillators are well known and a number of variable-frequenoy 
amplitude-stabilized oscillators have been described.°8-®! | 
application of this principle to the temperature compensation of 
the characteristics of a telephone line has been mentioned in 
Section 5.2. 
It is not essential for the thermistor to be included in the feed 


jack loop, and systems have been described where it forms part 
if the amplifier® or line circuit;®? such arrangements can be 
lassed as volume limiters or expanders. 
| Precision alternating voltage stabilizers™ can have a thermistor 
i) s a sensing element by utilizing the fact that, if the alternating 
‘oltage to be stabilized is applied to a bridge containing a 
jhermistor, the bridge is balanced at only one voltage and the 
ror signal changes sign at that voltage (see Fig. 12). Ata 
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Fig. 12.—Voltage stabilizer. 


frequency of 50c/s, the thermistor temperature is liable to 
follow to some extent the periodic variations in voltage, and this 
~ fesults in a 50 c/s signal with some phase shift and the production 
of harmonics of 50c/s. These effects can limit the precision of 
the stabilizer; their magnitude can be determined from an 
Janalysis on the lines given by Ekelof et al. | 
| A thermistor, either indirectly heated or controlled by a current 
butside the frequency range of the signal band, can form part of 
‘a remotely-controlled noise-free variable resistor or attenuator. 
_A programme-fading circuit working on this principle has been 
described by Whitehead, and a bridge-T circuit is mentioned 


‘in Section 6.1. 

| 

| ‘Thermistors behave in a circuit as if they have a large inductive 
reactance; this is equivalent in physical terms to saying that they 
’ have a large thermal mass combined with a negative temperature 
“coefficient. This property of the thermistor enables one to delay 
the operation of a current-operated device such as a relay®” or 
_to suppress a switching aitee: for example in circuits employing 
ps or valve heaters,®® in starting small electric motors® and 
in suppressing telephone bell tinkle.”° Probably more ther- 
Imistors (or equivalent devices known under various trade names) 
used in television and radio receivers employing series-con- 
ibeica valve heaters than in any other field. 

_ There is an upper limit to the magnitude of the surge which 
be suppressed using one homogeneous thermistor element 
‘and this is determined by a maximum mass, above which the 
istor is liable to shatter due to transient thermal stresses. 
limit at present corresponds to a peak instantaneous power 
ipation of the order of 500 watts. Operation of thermistors 
arallel is dangerous because imperfect matching can result 
me of the thermistors taking most of the load. 

elay delay circuits using thermistors are common, but a high 
er of accuracy under conditions of varying ambient tempera- 
should not be expected. By providing an extra change-over 
act on the relay which removes a shunt across the energizing 


(6.4) Delay and Surge Suppression 
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Fig. 13.—Relay delay circuit with an anti-chatter contact. 


coil and then short-circuits the thermistor (see Fig. 13), relay 
chatter can be prevented and the thermistor will have more time 
to cool before the next cycle.®” Delays from a fraction of a 
second to over a minute are possible. Circuits of the ring- 
counter type may be built for sequential switching. 


(7) THE THERMISTOR AS A CIRCUIT-ELEMENT 


In analysing steady-state and transient problems in circuits 
containing thermistors, it is useful to simulate the thermistor’s 
behaviour by an equivalent electrical circuit. Providing the 
thermistor’s temperature remains constant, it behaves as a 
simple resistance. For small temperature changes (a few degrees 
Celsius) about a mean value, it can be represented by a com- 
paratively simple 3-element network. For large temperature 
changes, a limited number of problems can be solved but an 
equivalent circuit is not practicable. 


(7.1) Small-Signal Equivalent Circuit 


A number of authors>: 7!; 72, 74, 78, 79, 80 have deduced equiva- 
lent circuits for the thermistor, and one containing two resistive 
elements and an inductive element, Fig. 14(a) seems to be 
preferred. 

The value of R,, Fig. 14(b), is determined by the slope of 
the static voltage/current characteristic at the operating point 


L 


OPERATING 
POINT 


VOLTAGE 


CURRENT 
(6) 


Fig. 14.—Small-signal equivalent circuit and its relationship to the 
VI characteristic. 
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and will be negative once the current has exceeded the value at 
Vmax: Rg is the slope of the line from the origin to the operating 
point and represents the high-frequency resistance of the 
thermistor. The value of the inductance at a given point on 
the static characteristic is proportional to the time-constant of 
the thermistor multiplied by Ry, and can, in practice, be greater 
than 10°H. The presence of negative resistance and inductance 
are dependent on the thermistor having a negative temperature 
coefficient. A resistor with a positive temperature coefficient 
would have positive resistance and capacitance in the correspond- 
ing equivalent circuit. 

By applying a direct bias to the thermistor, or by applying 
heater power to an indirectly-heated thermistor,’? and by 
shunting the thermistor with a capacitor, simple very-low- 
frequency oscillators may be made.°: 32, 74,75 Similarly, filters” 
and modulators® may be designed. 


(7.2) Large-Signal Operation 


Large-signal transient problems can be analysed graphically® 
if the assumption is made that the temperature distributions 
within the thermistor under steady-state and transient condi- 
tions are the same. This is not exactly true, but in practice 
the errors are usually small and it would be possible, for 
example, to estimate with fair accuracy the delay time of a relay 
in series with a thermistor. Circuits with more than one tem- 
perature-sensitive element, such as a thermistor in series with a 
lamp, are not easy to treat analytically. 

The large-signal a.c. (as opposed to the transient) problem of 
a thermistor in series with a resistor has been solved using a 
mechanical differential analyser.® 


(7.3) The Thermistor as a Logical Element 


Fundamentally a thermistor is capable of being used as a 
logical element in digital data-handling systems, but its slow speed 
and temperature dependence make its widespread use unlikely 
in this field. Such use would depend on its ‘breakdown’ if the 
voltage across it exceeded V,,,,, and is illustrated by its use in 
‘fail-safe’ circuits. For example, if several lamps are connected 
in series, each having a thermistor shunt, and one lamp fails, the 
voltage across its thermistor will rise above V,,,,,.and the ther- 
mistor will change to the high-conduction state. The thermistor’s 
hot resistance can be chosen to equal that of a lamp. 


(7.4) Noise in Thermistors 


Knowledge of a thermistor’s noise behaviour is incomplete. 
There is evidence that at low frequencies a thermistor carrying 
a current is not as noisy as a carbon resistor,’© but as far as the 
authors are aware it is not known how noisy thermistors are at 
high and very-high frequencies. Attempts have been made to 
improve the noise performance of flake thermistors for use in 
infra-red bolometers.”” 


(8) CONCLUSIONS 


Since its conception some twenty-five years or more ago and 
its realization as a practical device about ten years later, under- 
standing of how the thermistor works and what it can do has 
grown enormously. Is there more to be learnt? And if so, 
what? With the ever-increasing knowledge of semiconductors, 
which has caused, and is caused by, the advent of the transistor, 
the possibilities of new thermistor materials and a better under- 
standing of these materials is very evident. In applying the 
thermistor, use has been made of all its basic thermal and 
electrical properties and most of these have been analysed; there 
is still work to be done, but the possibilities are limited. The 
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‘\(12) Beck, A.: 


thermistor is certainly one of the | 5 versatile 2-te 


fields can compete on equal terms with other components wh id 
are more specialized in their application. 
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| DISCUSSION BEFORE THE MEASUREMENT AND CONTROL SECTION, 5TH APRIL, AND THE NORTH- 
| WESTERN MEASUREMENT AND CONTROL GROUP, AT MANCHESTER, 16TH FEBRUARY, 1960 


a Dr. F. C. Widdis: Some years ago I made a study of the use 
of the indirectly-heated thermistor as a transfer device for the 
| precise measurement of alternating currents (described in 
Reference 46). To compensate for ambient temperature changes 
| it was necessary to use two of these thermistors in a bridge 
| arrangement, and the resulting drift was equivalent to 1-5 parts 
4 in 10* of the measured current over a period of three days. 
Good temperature compensation in such a bridge arrangement 
is only achieved if the two thermistors have the same temperature 
_ Coefficient, « = —B/T”. If the two thermistors have the same 
_ value of B this condition is easily satisfied by keeping them at 
j ‘the same temperature, 7; what tolerances might be expected on 
_ the value of B for a given batch of thermistors? 
I was surprised at the high degree of reproducibility shown by 
_ the thermistors in this work. I had no difficulty in repeating 
_ current measurements with a precision of a few parts in 10°, 
equivalent to a temperature stability of +0-005°C in 60°C rise. 
I gained the (unverified) impression, however, that high-resistance 


thermistors are more reproducible than low-resistance ones, 
and would appreciate the authors’ comments. 

I have managed to show that the indirectly-heated thermistor 
used as a transfer device has an error much less than 1 part in 10+ 
over a frequency range of 0-5c/s—50kc/s. The authors have 
stated that the upper frequency limit of this device is deter- 
mined by the inductance of the heater—actually the self- 
capacitance of the heater is of major importance. 

The thermistor is a simple and very sensitive alternative to the 
thermocouple for measuring temperature in confined spaces. 
My own experience has shown that they are very reproducible 
over limited temperature ranges for short periods, and although 
the results given in Fig. 9 are promising, additional work on 
their behaviour over extended temperature ranges and long 
periods would be of considerable value. 

Dr. A. J. Maddock: Can the authors give more details of the 
improved temperature stability of modern thermistors? Any- 
one desirous of measuring temperature wants to know first of 
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all how stable these devices are on a long-term basis, and 
although a few papers have appeared previously giving results 
of this nature, they have all referred to the older type of ther- 
mistor. It would also be helpful if the firms which manufacture 
these devices gave this data in their trade literature. 

The authors have quoted the results of a year’s run on 50 
elements of a single type in Fig. 9. Are similar results obtained 
on other types? The results they give are virtually shelf or 
storage stability: they have tested the thermistors and only 
cycled them once prior to each test up to 100°C. Have they 
any results which indicate the stability of these devices when 
they are continually in use at some elevated temperature— 
perhaps 100°C? 

Several circuits for linearizing the response of thermistors 
exist in the literature. There are also circuits available for 
matching two thermistors one to another: is this necessary with 
modern thermistors if one is trying to obtain balanced 
characteristics ? ; 

Mr. J. D. Brownlie: We have been concerned at Northampton 
College to find a general method of predicting the waveforms of 
large alternating voltages, currents and temperatures in a 
temperature-sensitive element such as the thermistor. 

A simple very-low-frequency oscillator circuit can be formed 
by paralleling a suitably biased thermistor with a large capacitor 
(Section 7.1) as in Fig. A. 


Fig. A.—Oscillator circuit. 


The conditions for starting and at very small amplitudes can 
be estimated well enough by using the small-signal equivalent 
circuit of the thermistor. As soon as the amplitudes start 
building up, however, the incremental theory no longer applies 
and the waveforms become increasingly non-sinusoidal. 

If the assumption is made that the whole of the thermistor 
element is at a uniform temperature at any given time, the 
operation of the circuit can be described by the two simultaneous 
differential equations 


CH 
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where H is the incremental heat capacity and k is the incremental 
dissipation constant. 

The first gives the instantaneous rate of heat storage and the 
second, the rate of increase of charge on the capacitor. For any 
but incremental changes in the variables, the equations can only 
be solved numerically. 

We have recently finished programming a digital computer to 
give step-by-step solutions of voltage and temperature using the 
Runge-Kutta method. The process can be made very accurate 
by choosing a small time interval. Thermistor resistances at the 
required temperatures are found by interpolation in a Table of 
experimental values. 

The computed waveform of voltage appears to be very similar 
to the actual waveform. When a proper comparison has been 
made the results will serve to test the validity of the theory. In 
addition, the computation will enable us to find very quickly the 
effects on the circuit of changes in, e.g., ambient temperature, 
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heat capacity and thermal dissipation. It is hoped that, later) 
similar computation can be applied to a circuit in which ¢ 
resistor with a positive temperature coefficient supplies 
necessary large capacitive reactance. | 
This method (first suggested to me by Dr. House) offers som 
clear advantages over analogue computing methods® in 
ease of recording, the accuracy and the facility of exchangin i 
accuracy for speed of calculation. We think, therefore, that this! 
oscillator circuit has provided an illustration of a good genera) 
method of solving non-linear circuits as well as being an interest 
ing application of ‘thermal reactance’. 4 
Mr. A. C. Lynch: If the current/voltage response of a devied 


inductance referred to in Section 7.1 describes its response td 
direct current, but not~to alternating current, to which th¢ 
thermistor appears as a resistance varying with time. If the 
proposed equivalent circuit were really valid, it could be used) 


quite unrelated. That observed at high frequencies is to be) 
expected; for it is generally true that any low resistance (below, 
say, 100 ohms) will appear to be inductive; the self-capacitance) 
which tends to compensate for the inductance is not large) 
enough, and often cannot be made large enough, to compensal 1, 
for it entirely. | 

Dr. A. K. Jonscher: The thermistor being essentially a com-) 
pacted granular element, it would, at least in principle, be} 
expected to exhibit surface barrier effects. It is not clear to me) 
what is meant by the statement in Section 1 that conduction is) 
purely electronic, and that current is proportional to applied) 
voltage. One might infer that barriers do not come into con-| 
sideration since they are normally strongly non-linear. There) 
are two possibilities: either the barriers are ineffective, or the 
voltage drop per barrier is sufficiently small in the regime under) 
consideration to give linear behaviour. According to whether) 
barriers are or are not effective, the resistance of the compacted} 
body would bear some relation to the expected resistance of} 
single-crystal material under those conditions. Is anything} 
known about this? 

If the barriers were responsible for greater voltage-dependence} 
on resistance, could some contribution of this type be expected} 
in Fig. 4? Presumably the strong non-linearity is largely thermal 
in nature, but is there any contribution by barriers there? 

As regards dependence of resistance upon temperature, it is 
known that mobility in ionic crystals can be exponential in temy 
perature rather than follow a power law. Is anything known 
about the relative influence of mobility and carrier density 
variation on the temperature-dependence of thermistors? I 
believe that at one stage silicon-carbide compacted bodies, were 
used as thermistors. There appears to be no reason why only 
ionic compounds should be suitable for this purpose; will the 
authors comment on the relative merits of silicon-carbide com-| 
pacted bodies as against the ionic kind? 

Dr. J. Evans: Single-crystal semiconductors can also be used 
as thermistors. The resistivity/temperature curve for such a 
semiconductor is shown in Fig. B. The thermistors we have 
been talking about are represented by the dotted line, and a 
copper-wire resistor by the broken line. One can make a device 
with a positive temperature coefficient which, in the case of 
silicon, is about 0-7% per deg C due to mobility change. On™ 
the other hand, one can use the intrinsic portion which has a 
negative coefficient of several per cent per degree. I think that 
both can probably be used, and perhaps we shall see an extension 
into this field as the art progresses. 

On the question of crystallinity, a similar effect can also be 
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» found in silicon. For example, if the silicon is made by a certain 
; Process* it comes out in the form of polycrystalline agglomerates. 
. If that crystal is melted and then re-frozen, it will grow into 
larger crystallites and the resistivity/temperature plot for this 
material is identical with the plot for a single-crystal material. 
, I think one can conclude that in a number of cases the barriers 
| themselves seem to be inactive and the properties are those of the 
, individual grains of the material. 
| Mr. M. A. Snelling: I also am interested in the stability of 
| thermistors, particularly when they are used for thermal 
/ Measurements. Are ageing characteristics of the type shown in 
| Fig. 9 attributed to practical features of manufactured ther- 
‘mistor units, or are they believed to be an inherent property of 
| the thermistor material? Can the authors give some indication 
_ of the subsequent changes in value which would have occurred 
_|to the units used in obtaining Fig. 9 if the measurements had 
_ been continued for a further 50 weeks? What steps should 
thermistor users take to minimize subsequent drift occurring 
| ‘after the ageing process is complete? 
/ T note that conduction in thermistors is believed to be purely 
| electronic. It presumably follows that within reasonable ranges 
of power and frequency either a.c. or d.c. operation of ther- 
- mistors will give similar stability. Is this supposition confirmed 
f in practice? 
i Mr. W. H. P. Leslie: In the past it has been very difficult to 
Obtain information from any manufacturer on the performance 
| to be expected from thermistors for temperature measurement. 
| The stock answer has been ‘test for yourself’ with the implica- 
tion that, since the maker has no information on stability with 
life, one must buy one big batch, test some over a year or so, 
and use only the tested batch for future work. 
Can the authors indicate whether they hold any hope of 
uring to 0-01°C or better for practical conditions of tem- 
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perature cycling in the range 0-100°C with calibration once, 
say, in three months? 

Most attempts at precision temperature measurement using 
resistance thermometers have been based on the use of pure 
materials and strain-free mountings. Thermistors appear, from 
the paper, to be made from a bit of this and a bit of that with 
some binding agent, all mixed together and dabbed on wires 
before cooking. Will the authors agree that this may be a 
reason for the changes in calibration in practical use, and also 
that the different coefficients of expansion of wire and bead must 
introduce temperature-dependent strain and thus cause ageing? 

The paper claims that thermistors have been used to measure 
temperature differences of 0-002°C over short periods. Can 
one assume that for this type of measurement it is necessary to 
use one thermistor exposed successively to the two temperatures 
and that the use of two thermistors at two points to indicate 
instantaneous temperature difference could not yield this 
accuracy over any useful range of ambient temperatures? 

Mr. H. R. Westaway: Being engaged in the manufacture of 
temperature measuring instruments I have been very interested 
in the practicability of using thermistors as alternatives to wire- 
wound resistance-thermometer elements and have carried out 
extensive investigations into their stability. The results have 
been largely in line with those given in the paper, and my con- 
clusion is therefore that they cannot compare with the con- 
ventional nickel or platinum elements in this respect. 

The thermistor has the advantages of small size, high speed 
of response and sensitivity, but a disadvantage is the low standard 
of interchangeability between elements of a given type. 

The minimum tolerance generally available on basic resistance 
values is +5°% and, in addition, there is an unspecified tolerance 
on the «-value. Do the authors consider that there is any 
prospect of closer tolerances being forthcoming with improved 
methods of manufacture? 

It is essential that, for industrial temperature measurement, 
particularly in multi-point installations, arrangements be made 
for standardizing the thermistors. This necessitates a parallel 
resistor to standardize the resistance change over a given tem- 
perature interval and a series resistor to bring the resistance up 
to the nominal value at a given temperature, giving a relatively 
cumbersome assembly at the measuring point by comparison 
with the thermistor itself. 

Another limitation which has been very evident, particularly 
with regard to the bead type, is that of the maximum current 
which can be passed through the thermistor without causing 
prohibitive errors due to self-heating. When a deflectional-type 
measuring instrument is being used, this aspect necessitates the 
use of a moving-coil system having a relatively high sensitivity. 

Dr. H. J. Goldsmid: I suggest that the reason why thermistors 
are as stable as they appear to be is that thermistor materials 
have large carrier concentrations so that very little change of the 
conductivity results from changes in impurity concentration. 
On the other hand, with a material such as pure silicon, a very 
small change of impurity concentration affects the carrier con- 
centration or mobility. I do not, therefore, think that better 
stability would be obtained with silicon or germanium. 

The upper temperature limit shown in the authors’ curves is 
a few hundred degrees Celsius. Can thermistors be used at 
much higher temperatures, say up to 1000°C, using, of course, 
different materials? 

Messrs. I. C. Hutcheon and D. N. Harrison (communicated): 
The use of thermistors as controllable resistors, rather than as 
temperature-sensing devices, possibly merits rather more 
attention than it has received in the paper. 

Two indirectly-heated thermistors, for example, can be con- 
trolled differentially by a demodulated a.c. signal so that the 
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resistance of one rises while that of the other falls by about 
the same amount. If the thermistors are connected together, 
their common point can be driven from one end to the other of 
the total resistance, and the arrangement shown in Fig. C is 


AMPLIFIER 


A.C, INPUT 


DEMODULATOR 


Fig. C.—Thermistor potentiometer. 


similar to an a.c. amplifier driving a reversible servo-motor 
coupled to the contact on a slide wire. The main differences are 
that the position of the ‘contact’ on the thermistor potentiometer 
is not known, the system is not accurately linear, and the response 
is rather slow. 

Nevertheless such a device,* which can be built cheaply using 
only low-power transistors, thermistors and other solid-state 
components, has quite wide application. Connected in a 
subsidiary negative-feedback loop around an a.c. servo, for 
example, as shown in Fig. D, it suppresses any quadrature 
components which may be present in the input or the main 
feedback carrier signals, so eliminating a common cause of error 
and preventing amplifier saturation. Two such devices, operating 
in quadrature with one another, can form the basis of an accurate 
phase-meter. 

In another application, the potentiometer can be shared in 
time between two d.c. circuits by the use of synchronous switches, 
so permitting the accurate multiplication of two slowly varying 
inputs. 

Mr. D. Williamson (at Manchester): Would it be feasible to 
manufacture thermistors in the form of pairs with matched tem- 
perature coefficients, electrically insulated from each other but 
in good thermal contact, and indirectly heated by a common 
heater? By varying the heater current until the resistance of one 
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Dr. R. W. A. Scarr and Mr. R. A. Setterington (in reply): Dr. 
Widdis considers that the self-capacitance of the heater winding 
of an indirectly-heated thermistor may be of major importance. 
The relative effects of the series inductance and the shunt capaci- 
tance will depend on the source impedance of the signal applied to 
the heater. The effect of series inductance will be greatest with 
a constant voltage supply and the effect of shunt capacitance will 
be greatest with a constant current supply. Our measurements 
show that the inductive reactance of the 100-ohm heater of a 
type B thermistor is 5uwH at 10 Mc/s; of course, the reactance 
will become capacitive above the self-resonant frequency. 

In general, thermistors made from materials having lower 
specific resistances are less tolerant of operation at high tem- 
peratures; when operated well within their temperature range we 
would expect them to be as reproducible as high-resistance units. 

No detailed results have been obtained for stability over a 
long period, although Dr. Maddock will be pleased to hear that 
we are starting new tests to enable us to give the details he 
requires. It is generally considered that cycling thermistors is 
more stringent than operation at steady temperature; thus, 


* HuTcuHEon, I. C., and Harrison, D. N.: ‘A Transistor Quadrature Suppressor 
G07 B. ate Bevo Systems’, Proceedings LE.E., Paper No. 3134M, January, 1960 
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Fig. D.—Thermistor potentiometer used for quadrature suppression.) 


could then be used in a separate circuit. Suitable closed-loo 
technique, whereby the heater current is supplied by an erroi 
operated amplifier, should make it possible to obtain an accuratj 
electronically-controlled variable resistance, which should hay) 
many applications, e.g. simple analogue multipliers, variable-gail) 
amplifiers. 

Would not a composite unit of the type described be preferabl} 
to using two separate indirectly-heated thermistors with commo} 
heater current, as, in so far as the close thermal contact ensure} 
that both elements were at the same temperature, errors woul} 
not be introduced by different self-heating effects in the tw} 
thermistor elements when different currents were flowin} 
through them? 

Mr. P. J. Stratfold (at Manchester): Will thermistors with 
stand immersion for long periods in liquids? | 

Mr. F. Crowther (at Manchester): When used for temperatur! 
measurements, it would appear that the accuracy of a thermisto) 
is dependent on the current circulated and the self-generate 
heat. A thermocouple would appear simpler to use as it can b 
arranged to give results independent of circuit resistance. Ho 
do the two methods of measurement compare? 
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results obtained from running thermistors at 100° C continuousk 
would be no worse than those of Fig. 9. Aq 

In reply to Mr. Lynch, the small series inductance associat 
with leads could be added in series with R, in Fig. 14(@) to give 
a more complete equivalent circuit. However, the application 
of the circuit of Fig. 14(@) will be almost entirely confined t 
frequencies in the audible range or lower, where lead inductance 
is insignificant. The equivalent circuit is a perfectly vali 
representation of the thermistor’s behaviour to a low-frequency 
small-signal alternating current. 

Dr. Jonscher asks what is meant by electronic conduction 
the term is used in contradistinction from ionic conduction 
Nothing is known about single crystals of the materials tha 
are commonly used in thermistor manufacture. The non 
linearity of the characteristic shown in Fig. 4 is entirely thermal 
any non-linearities due to barriers, if they exist at all, are of ¢ 
very low order indeed. We do not know of any theories 0 
conduction in the metallic oxides that could be used to answe 
the remainder of Dr. Jonscher’s questions. 

In reply to Mr. Snelling, ageing as shown in Fig. 9 is assume 
to be due to chemical and physical changes in the materials 
It happens in all types of thermistors but is considerably reduce¢ 


/)n those where the active material is sealed into solid glass. 
\Generally, resistance changes due to ageing decrease with time. 
it makes no difference whether thermistors are operated with 
ju.c. or d.c. measuring equipment. 
| In reply to Mr. Leslie, the materials from which thermistors 
‘are made are all carefully chosen to have coefficients of expan- 
"sion similar to those of the lead wire and the glass. We believe 
"that the match obtaining in thermistor units is better than that 
/in the normal resistance thermometer. 
"| There is no reason why it should be much more difficult 
"to measure a small temperature difference using two ther- 
jmistors than itis with one. Differences in B-values are generally 
‘so small that they have a second-order effect. The results 
idescribed in Reference 14 do in fact involve the characteristics 
/of a pair of thermistors. 
| We are experimenting with materials for operation up to 
+1000°C to solve Dr. Goldsmid’s problems. The units are not 
| yet sufficiently developed to allow them to be used commercially. 
‘| We would like to thank Messrs. Hutcheon and Harrison for 
: providing a reference to their paper on a subject that inevitably 
/ could not receive the comprehensive treatment that it deserves. 
| Mr. Williamson’s double-bead unit is not a good practical 
| proposition for several reasons. It is difficult to match a pair 
of beads for slope and resistance before ageing. When this has 
‘been done it is even more difficult to obtain exactly the same 
_\degree of thermal coupling between the heater and each of the 
| beads. Would it not be possible to measure the resistance of a 
lsingle bead by two separate currents, say direct and at 1 kc/s and 
| thus eliminate all errors due to using two different beads? 
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The answer to Mr. Stratfold’s question is yes, provided that 
the thermistor is protected by glass (i.e. it is not the block or 
rod type) and that the liquid concerned does not react chemically 
with the glass. 

Mr. Crowther will find part of the answer to his question in 
the paragraph under Fig.9. The fact that a thermistor is heated 
by the current that is needed to determine its resistance is of no 
significance when it is working in a specified medium. When 
working in a variety of environments it is important to keep 
self-heating to a minimum, but in practice it is quite possible to 
use most bead thermistors in a bridge circuit with, say, a 50uA 
or 100uA meter as detector. 

It is convenient to reply to the questions involving tolerances 
and stability together. We must emphasize that our experiences 
are limited to one manufacturer’s products. 

Thermistors from the same batch often have B-values within 
+4% although this can rise to +24%. The spread can be as 
wide as +10% when thermistors are made from different batches 
of raw materials. In the case of thermistors used for tempera- 
ture measurement, pairs matched to within 2% at 20°C 
are usually available, whilst larger groups or tighter tolerances 
can be selected as required. 

Although Mr. Leslie regrets the reply ‘test for yourself’ and 
draws an unfair implication from it, we are often forced into 
giving a similar reply because we have no knowledge of the 
particular set of conditions under which the customer intends to 
use the thermistor. Apart from Fig. 9, which gives a general 
picture of the stability which can be expected, several of the 
references give results under other conditions. 
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AN ANALOGY BETWEEN NON-LINEAR RESISTIVE AND LINEAR A.C. NETWORKS 
By D. Q. Mayne, M.Sc.(Eng.), Graduate. ' 
(Communication received 7th April, 1960.) 


To every a.c. network there corresponds a non-linear d.c. network in 
which the relations between the various non-linear resistance elements 
are determined by the a.c. network. In certain simple cases the non- 
linear resistance elements become duals and the analogy mentioned by 
Cherry* in a recent paper results. 


Some of the non-linear resistive networks described in Cherry’s 
paper are analogous to Zobel’s constant-resistance phase 
equalizers; in other cases the analogy fails. In seeking the 
physical basis of the analogy it would be convenient to have a 
rectangle-diagram representation of the analogous a.c. net- 
work. Instantaneous values are used to describe the non-linear 
resistive network, but complex quantities are required to describe 
an a.c. network. Complex quantities cannot be used directly 
in a rectangle diagram. However, the basis of the rectangle 
diagram is Kirchhoff’s laws and these apply separately to the 
in-phase and quadrature components of the alternating voltages 
and currents. Thus a rectangle diagram may be constructed 
for an a.c. network using as the sides of the rectangle V, and 
I,, Vz and J,, V, and I,, or V, and I,, where the suffixes p and 
q denote in-phase and quadrature components with respect to 
a reference angle. Since, for an a.c. network complex power 
is. given by P’= VI = Vo od Vay Ags dp ee 
where V = V, + jV, and I = I, + jl, the total area of any of 
these rectangle diagrams is no longer equal to the total active 
power. 


(c) 


Fig. 1.—Rectangle-diagram representation for a.c. networks. 


(a) Pure resistance. 
(6) Pure inductance. 
(c) Pure capacitance, 


Fig. 1(a@) shows the four rectangle diagrams corresponding to 
the four product terms in the expression for P, for a pure resis- 
tance. The phase angle, ¢, of V is given by tan 6 = k = V,/V,. 
For pure resistance J,/I, = k. Active power is denoted by Z and 
reactive power by Y, the sign being shown in the diagram. For 
pure resistance the total reactive power is zero and the total active 
power is (1+?) V?/R. In many cases the V,J, rectangle is most 
useful. The slope of this rectangle is R, the value of the resis- 
tance, and its area is V?/R. 

The corresponding rectangles for pure inductance are shown 
in Fig. 1(6). Here J, is negative and J,/], = —k. The total 
reactive power is (1 + k?) V?/wL and the total active power is 
zero. The slope of the V,/, rectangle is wL/k and its area is 
kV?}/wL. The slope varies with frequency and the V,J, rectangle 
for inductance is therefore analogous to the vi rectangle for 


* Cuerry, E. C.: ‘Classes of 4-Pole Networks having Non-Linear Transfer Charac- 
ars Mee Impedance’, Proceedings I.E.E., Paper No. 3114, January, 1960 
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non-linear resistance. A V,J, rectangle diagram would be more 
‘natural’ for an inductor, the slope being + wZ and the a 


V2JoL. 
Fig. 1(c) illustrates the behaviour of pure capacitance. Here 
I, is negative if V, and V, are positive and J,/J, = —k. The) 


total reactive power is —(1 + k?) ViwC and the total active 
power is zero. The slope of the V,J, rectangle is —1/kwC a ad) 
its area —kV2wC- | 

The slope of the ‘non-linear’ L and C elements depends on kj 
and can quite easily be negative; this results in overlapping 0 i 
rectangles. The range of possible ‘non-linear’ characteristics is 
large and it is only in certain relatively simple cases that the) 
slopes of the L and C elements become reciprocal and therefore 
analogous to the dual non-linear resistors employed by Cherry. 

This reciprocal relation does exist for the bridged-T structure), 
considered by Cherry. This structure is shown in Fig. 2 together) 
with the V,I, rectangle diagram and associated vector diagrams. 
Z, is here chosen as jwL and Z, as 1/jwC. The inverse relation} 


Fig. 2.—Bridged-T constant-resistance section. 


| 
|Z, = R? reduces to L/C = R?. The diagram is normalized 
that resistance R is represented as asquare. The section XX 
ives the equation V, = (Vr), + (Vz),. This is the projection 
jm the reference axis of the equation V=Vpr-+ Vz. The 
ection YY results in a dual equation J = Ip + Ig since R and 
\, and wZ and 1/wC, form inverse pairs. Since V=J.R, 
1%, =Ic.R=Vc.jwCR. Therefore Vz and V¢ are at right 
jngles and ky.k¢ =1. The slope of the element LZ in the 
‘\ormalized rectangle diagram is wL/k,R, and that of the element 
I is 1 [kKcwCR. The product of the slopes is unity, that is the 
‘)lements are reciprocal and the network is analogous to the 
jion-linear resistance network in which Z; and Z, are replaced 
yy dual non-linear resistors R,; and Ry, where R,.R, = R?. 
[his non-linear network will have a constant input resistance 
» qual to V,/I, = V/I = R, and R* will have the same value as 
« lor the a.c. network. 

|| It seems that this reciprocal relation occurs whenever sections 
-X and YY can be constructed to give a pair of dual equations 
 neluding all the reactive elements in the network. This will be 
; he case for lattice and bridged-T structures in which Z, and Z, 
ire inverse. The dual equations are V = Vp+ Vz, and 
» [=p + Iz. (For the lattice, 2Vz, must be substituted for 
V4 and 217, for Iz, but the reasoning is unaltered.) V=I.R 
and Vz; =Iz,.R. If Vz; makes an angle @ with the reference 
axis and if LA1 = ¢, the slope of the V,J, rectangle of the 
element Z, is (VZ;),/Uz1)p = |Z;| . cos O/cos (6 — ¢). Similarly 
‘the slope of the rectangle for Z, is (Vz2),/Uz2)p = |Z)| . 
208 (0 — ¢)/cos 6 as [22> ¢. The product of the slopes is 
'|Z,| . |Z,| = R? and the elements are reciprocal. 

| The reciprocal relation disappears, in general, in the degenerate 
\T- and z-structures. This is illustrated in the T-structure of 
Fig. 3 with its associated V,J, rectangle diagram. Here 
\Z, =jwLand Z, =1/jwC. For the particular frequency shown 
the ‘non-linear’ element L/2 in parallel with R adjoining the 
output resistance has a negative slope. A non-linear resistance 
network having constant input resistance can be constructed if 
_|the non-linear elements have values related to the slopes of the 
Teactive elements in the V,J, rectangle diagram. These slopes 
are not reciprocal. The variation of the slopes with w can be 
obtained if V(w) is calculated for each element. 

To every a.c. network there corresponds a non-linear resistive 
network. To obtain the non-linear network, resistors are left 
unchanged in the a.c. network but reactors are replaced by 
non-linear resistors. The values of the non-linear resistors 
for a particular input voltage are equal: to the slopes of the 
VI, rectangles of the reactors for a particular value of w. To 
complete the analogy, therefore, an arbitrary relation may be 
‘established between the input voltage v of the non-linear network 
jand w,e.g.¥ =a.w. The transfer function of any known a.c. 
‘network expressed as the ratio of the input and output in-phase 
voltages as a function of w is equal to the transfer function of 
[the analogous non-linear network expressed as a function of v 
‘if we put v = w and if the individual non-linear elements can be 
‘Tealized. By putting v = f(w) different non-linear transfer func- 
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Fig. 3.—Constant-resistance T-section. 


tions can be obtained with the same structure but with non-linear 
elements having different laws (but the same relations between 
one another). Alternative rectangle-diagram representations 
such as V,J, or even ViJ, (where V; and J; are projections on to 
arbitrary voltage and current reference axes) will give rise to 
non-linear circuits having the same structure but different 
elements. In general, the non-linear elements will have charac- 
teristics not easily realizable; the analogy might be useful in 
analysis. 

The complexity of the general non-linear network arises from 
the fact that the values of the non-linear elements depend on 
local voltages or currents and not on an independent parameter. 
The class of non-linear networks which are analogous to a.c. 
networks in the sense described above are composed of non- 
linear resistors whose relationships with one another are deter- 
mined by a parameter w. A different simplification results 
when a common current flows through all the elements or com- 
binations of elements that comprise a network. Thus, analogous 
to the expansion of an impedance function into Foster elements, 
a non-linear resistance A(i)/B(i) may be expanded in partial 
fractions to give a series of elements having resistances of the form 
iJ + «). Alternative forms would be 1/(i + «) or i+ @/@+ 0), 
where (i + a) would appear in the numerator of each element. 
Such an expansion would be useful only if elements having such 
a resistance could be easily realized and the value of « simply 
altered. 


621.391.812.7: 621.396.621 


V.H.F. SOUND BROADCASTING 
Subjective Appraisal of Distortion due to Multi-Path Propagation in F.M. Reception 
By R. V. HARVEY, B.Sc., Associate Member. 


(The paper was received 18th February, 1959. It was published in March, 1960, and was read before the ELECTRONICS AND COMMUNICATIONS 
SECTION 4th April, 1960. ) 


SUMMARY 

In f.m. reception the delayed signals caused by multi-path propaga- 
tion result in unwanted amplitude and phase modulation of the primary 
signal, and consequent distortion of the programme output of the 
receiver. The paper describes the results of tests which were carried 
out in simulated multi-path conditions to determine the importance of 
the parameters of both the received signal and the receiver in influencing 
the subjective annoyance caused by the distortion. 

With a well-designed receiver, the distortion of piano music is 
‘slightly disturbing’ when a single delayed signal is present having an 
equivalent path difference of 8km and an amplitude of 35% relative 
to the primary signal. For a path difference of 29km, however, the 
permissible relative amplitude is only 6% for the same subjective 
annoyance. Under the same conditions the distortion of speech is 
imperceptible. In comparison, receivers providing inadequate sup- 
pression of the unwanted amplitude modulation are much more 
susceptible to the distortion. 

The use of pre- and de-emphasis appreciably reduces the distortion, 
being equivalent to a reduction of about 8 dB in the amplitude of the 
delayed signal when the path difference is about 16km. Similarly, 
the distortion is less noticeable when the loudspeaker has a poor 
response at high audio frequencies. 

The mechanism of multi-path distortion is discussed, and the 
harmonic spectra of the distortion shown for particular conditions. 


(1) INTRODUCTION 


It is well known that, when receiving an f.m. transmission, the 
presence of delayed signals results in distortion of the programme. 
As the transmitter frequency changes, the variation of the phase 
difference between the primary and delayed signals produces both 
unwanted amplitude and phase modulation of the primary signal. 
The phase-modulation component is physically indistinguishable 
from the wanted frequency modulation, and appears at the out- 
put of an ideal f.m. receiver as if it were part of the programme. 
On the other hand, the amplitude modulation, which can increase 
the amount of distortion if it is allowed to affect the receiver 
output, can be almost completely suppressed in a receiver of good 
design. Hayes and Page! have given a minimum value for the 
degree of suppression of amplitude modulation necessary to 
avoid this increase in distortion. The present paper is an 
extension of their work and is concerned with the audibility of 
the distortion for different ratios of the primary and delayed 
signals, and the manner in which the subjective annoyance 
changes with the receiver design parameters. The audible dis- 
tortion caused by delayed signals varies from a noise similar to 
that of an overloaded a.f. amplifier when the path difference is 
small to a hiss like co-channel interference when the path 
difference is large. At intermediate path differences the dis- 
tortion closely. resembles the effect of something loose in the 
loudspeaker. 

An extensive treatment of delayed-signal distortion has been 
given? and a comparison made between theory and objective 
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measurements, but these results are not directly applicable to th) 
conditions considered here. No attempt is made to produce} 
theory to account for the results of subjective tests, but soni 
waveforms and spectra are given in Section 8 to illustrate tl] 
mechanism of distortion of.a single-tone modulation by a sing} 
delayed signal in an imperfect receiver. 

The subjective tests were carried out using a composite si / 


signal of controllable amplitude and delay. Provision for ca 
trol of the relative phase at the carrier frequency was also madi 
but this did not affect the subjective distortion, apart from ) 
slight variation at the smallest delay used. For the majority | 
the tests the modulation was piano music, since this programm} 
material had been found to be the most susceptible to distortior 
One of the tests was repeated with speech modulation, which |) 
relatively insensitive to this type of distortion. | 


speaker response. The effects of pre- and de-emphasis and qj 
changes in the degree of modulation were also investigated. 


(2) EXPERIMENTAL PROCEDURE 


(2.1) Generation of Primary Signal 


A high-grade tape recording of a piano recital was used al 
the main test programme; the selected portion had little long} 
term variation in level, so that comparison of two conditions ii} 
succession could be made with consistent results. 

The programme was arranged to modulate a 91-3 Mc/s ca 
from a signal generator either with pre-emphasis (50 microsej 
time-constant), or without, as required. In tests on the effe 
of pre-emphasis, the switching-in of the network accentuatin 
the higher frequencies was accompanied by a 4dB reduction ij 
input level, in accordance with standard B.B.C. line-up practie¢ 


& 


(2.2) Simulation of Multi-Path Propagation Conditions 


Multi-path propagation conditions were simulated by sending 
part of the primary signal into a terminated delay line and extract! 
ing a signal with the desired delay by means of a probe. ne 
delayed signal was then combined with the primary signal ir 
the desired proportion and the composite signal applied to 
receiver input. 

The delay line was a 30m length of special cable of Germar 
manufacture having a delay of 3- 3 microsec/m; its inner con: 
ductor consisted of a helix of fine wire on a flexible magnetic 
core, and its outer conductor, separated from the inner by 2 
layer of polystyrene tape, consisted of a layer of longitudina’ 
conductors forming an electrostatic screen. The pick-up probes 
were coils of wire wound over the screen to couple with the 
magnetic field of the inner conductor; these were at positions 
giving delays corresponding to path differences of 3-2km, 8 km, 
16km and 29km. Normally the cable was terminated by a 
resistor equal to its characteristic impedance of 4 kilohms, but, 
by short-circuiting the termination and picking up from a direc- 
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‘mal coupler near the sending end, a delay corresponding to 
//km could be obtained. The cable was mounted in a large 
jx and cross-threaded in three dimensions to minimize 
jiwanted magnetic coupling between adjacent parts. 

\\As the attenuation of the delay line was too large to permit 
| use directly at 91-3 Mc/s, the frequency of the primary signal 
jas first converted to 1 Mc/s before delay, and the composite 
imal converted back to 91-3 Mc/s; the double conversion was 
# fected by one local oscillator and two balanced crystal modu- 
"tors as shown in the schematic of Fig. 1. 
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q 
| Ina later modification of the apparatus, the signal delays were 
‘ulso obtained at 1 Mc/s, but, instead of a cable, use was made of 
a 45cm length of nickel wire carrying longitudinal waves excited 
by magnetostriction. The wave was launched and picked up 
by small coils mounted on the wire, with a small permanent 
magnet near each coil to give longitudinal polarization. In these 
tests the maximum effective path difference was 24km. 

| In order to measure the relative amplitude and delay of the 
‘signals produced by the simulator, the composite signal was also 
fed, in parallel with the receiver used for the listening tests, 
to a special receiver designed for multi-path propagation 
investigation. 

| This receiver contains a cathode-ray-tube display of the instan- 
‘taneous amplitude of the input signal as a function of its 
limstantaneous frequency. The vertical deflection is derived by 
a d.c. coupled amplifier from the amplitude-limiting circuit and 
the horizontal deflection is derived from the discriminator 
‘output. In the absence of delayed signals, a frequency- 
modulated signal of constant amplitude produces a horizontal 
‘straight line of a length proportional to its peak deviation. 
Tf one delayed signal is present, the line becomes an approxi- 
Mate sinusoid, as shown in Fig. 2. Here, the deviation is 
2+75ke/s at 120c/s; the base line is traced by removing the 
Vertical deflection voltage and corresponds to zero signal ampli- 
tude. It can be shown that, if 7 complete cycles are displayed 
by the trace in a total deviation of +75kc/s, the equivalent path 
difference of the delayed signal is 2n kilometres. The display 
of Fig. 2 is therefore readily interpreted as indicating a delayed 
signal having an equivalent path difference of 8 km and a relative 
amplitude, a/b, of 20% of that of the primary signal. 


- 
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(2.3) Control of Parameters of System 


The parameters of the receiving and sound reproducing system 
which may affect the subjective distortion are discussed with 
particular reference to the two receivers, A and B, employed in 
the tests. 


(2.3.1) A.M. Suppression Ratio. 

The efficiency of limiting in the receiver can be measured 
as the ratio between the a.f. output due to an f.m. signal and 
that due to ana.m. signal. This suppression ratio was measured 


PRIMARY OUTPUT 
SIGNAL SIGNAL 
(91-3 Mc/s) 


DELAYED 
SIGNAL 


BALANCED 
MODULATOR 


4 Mc/s 


COMBINING 


AMPLIFIER 


Fig. 1.—Schematic of multi-path propagation simulator. 


Fig. 2.—Display of composite signal. 
Delayed-signal amplitude, 20% of primary signal; path difference, 8 km. 


with 40% amplitude modulation and +30kc/s frequency modu- 
lation (i.e. 40% of the system deviation) applied simultaneously, 
using different audio frequencies in order to separate the a.m. 
and f.m. outputs. This method provides a single ratio which 
has been found to have a reasonable correlation with the 
effectiveness of a.m. suppression for most practical purposes. 
Receiver A was specially adapted to enable the a.m. suppres- 
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sion ratio to be varied from 20 to 50 dB by altering the pre-limiter 
gain. Receiver B was a current domestic model in the popular 
price range; it had an a.m. suppression ratio of 16dB but, by 
switching in a specially fitted limiter,? the a.m. suppression ratio 
could be improved to 26 dB. 


(2.3.2) Type of A.M. Suppression Characteristic. 


Most receivers exhibit maximum a.m. suppression near the 
centre of the pass band, with the a.m. response increasing on 
either side. Ideally the receiver is tuned so that maximum 
suppression occurs at the carrier frequency, but, in practice, 
other considerations may cause some mistuning. 

Receiver A was capable of operating in two conditions, the 
first showing an a.m. response which was zero at the carrier 
frequency but increased linearly on either side, and the second 
showing a constant a.m. suppression over the pass band. The 
two conditions were such as to give the same suppression ratio 
(20 dB) as defined in Section 2.3.1. Receiver B incorporated a 
ratio detector and had the normal type of suppression charac- 
teristic, with the a.m. response increasing on either side of the 
tuning point. 

The ratio detector is particularly susceptible to a special case 
of multi-path propagation, namely that due to reflection from 
an aeroplane in flight, usually referred to as aircraft flutter. This 
can cause an annoying form of distortion if, for the particular 
strength and rate of flutter of the received signal, the design of 
receiver is such that a.g.c. or pre-detector limiting does not 
operate. This aspect of a.m. suppression was not included in 
the investigation described in the paper. 


(2.3.3) Effect of Pre-emphasis and De-emphasis. 


The B.B.C. uses a system incorporating pre-emphasis of the 
higher modulating frequencies by a network having a time- 
constant of SOmicrosec. Jn order to preserve the peak devia- 
tion of +75kc/s, the transmitter deviation is 4dB lower at low 
modulating frequencies and 6 dB higher at 10kc/s than that of a 
system without pre-emphasis but with the same peak deviation. 

Since much of the audible distortion produced by delayed 
signals consists of high harmonics of low modulating frequencies, 
both the reduced deviation at Jow frequencies and the attenua- 
tion of high frequencies by the de-emphasis in the receiver might 
be expected to have an important effect on the annoyance caused. 
Tests were therefore made to assess the advantage gained by the 
use of pre-emphasis. 


(2.3.4) Type of Loudspeaker. 


All the listening tests with receiver A were made with a high- 
quality monitoring loudspeaker having a good frequency response 
from 50c/s to 12kc/s. Receiver B was tested both with its own 
loudspeaker, a unit typical of that used in current domestic 
models, and also with the high-quality unit, in order to assess 
the effect of the improved high-frequency response. 


(2.4) Arrangements for Subjective Tests 


The tests were of two types, namely comparative tests, during 
which groups of several subjects were asked to compare the 
distortion in one condition with that in a reference condition, 
and absolute tests, in which engineers were asked to establish 
conditions which they assessed as conforming to each of four 
subjective grades of distortion. 


(2.4.1) Comparative Tests. 


A group of about six subjects was arranged before the loud- 
speaker and presented with a continuous recital of piano music, 
during which the system alternated between a test condition and 
the reference condition, identified by coloured lights. 
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Preliminary tests established, at each value of path differen( 
two values of the delayed-signal amplitude, giving in one cz) 
more and in the other less annoyance than the reference co) 
dition, without being so nearly equivalent as to tax the judgme)) 
of the ‘subject too severely. The change over between conditio)) 
was made automatically every 4sec, this interval proving aboj } 
optimum for ease of comparison. ha 


were used as weighting factors to estimate the test conditiq 
which would have sounded equivalent to the reference conditio 

In this,way, one 10min series of ten comparisons gave t} 
average opinion of six subjects on five combinations of tj) 
delayed-signal amplitude and path difference which wou) 
result in equal annoyance». These combinations can be plotti) 
on a graph to give a curve of equal annoyance; such a cur) 
will be referred to as an isolype.* | 


(2.4.2) Absolute Tests. 


To assess the degree of annoyance caused by different types | 
distortion, individual engineers were asked to judge each coll, 
dition in terms of the four subjective criteria: just perceptibl)) 
perceptible, slightly disturbing and disturbing. 

In this test, an uncalibrated knob was provided for controllit| 
the amplitude of the delayed signal; the distortion coul) 
thus be varied from imperceptible to intolerable. The kn¢ 
was adjusted for each criterion in turn, the undistorted pri 
gramme being available for comparison by the operation of} 
switch; the completion of the adjustment was indicated tj 
pressing a button. The operator recorded the settings chose) 
and then presented the subject with a different test condition. | 

This procedure was adopted only for engineers since it require) 
some skill in setting a knob to produce a desired change. Give) 
this skill, the subject was less distracted than in the comparatiy) 
tests and the results were found to be very consistent. 
similar procedure can also be used by individual engineers f¢ 
equating a test condition with a reference condition. 
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(3) RESULTS OF TESTS 
(3.1) Performance of a Good Receiver 


Fig. 3(a) shows a comparative isolype for receiver A; th) 
a.m. suppression ratio was 50, dB and a high-quality loudspeake| 
was used. The reference condition is represented by the poir| 
(16km, 10°%), and the other points represent the mean opinig 
of 42 listeners as to the combinations of amplitude and pat 
difference giving annoyance equal to that for the referenc 
condition. 

Fig. 3(b) shows absolute isolypes for the four subjectiv i 
criteria, the listeners being six experienced engineers. The com 
parative isolype of Fig. 3@) lies between the ‘slightly disturbing 
and ‘disturbing’ curves in Fig. 3(5). | 

Fig. 3(c) shows the corresponding results using a programm 
consisting of speech instead of piano music. For cua 
annoying distortion of speech, the delayed signal amplitude i 
higher than for piano music, the ratio being about 11dB a 
path differences near 16km. 


(3.2) Performance of a Receiver with Imperfect Limiting 

Figs. 4(a) and (b) show corresponding isolypes for receiver E 

which had an a.m. suppression ratio of 16dB and incorporate 

a small loudspeaker. The test procedure was the same as tha 

used for receiver A but the reference condition was changed t 
* From the Greek isos (equal) and Jype (pain, discomfort). 
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Fig. 3.—Isolypes for receiver A. 


(a) Comparative isolype for piano-music modulation. 
(b) Absolute isolypes for piano-music modulation, 
(c) Absolute isolypes for speech modulation. 


(i) Just perceptible. (ii) Perceptible. 
(iii) Slightly disturbing. (iv) Disturbing. 


A.M. suppression ratio: 50 dB. 
Loudspeaker: high-quality unit. 
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(b) 
Fig. 4.—Isolypes for receiver B. 


(a) Comparative. (b) Absolute. 


(i) Just perceptible, 
(ii) Perceptible. 
(iii) Slightly disturbing. 
(iv) Disturbing. 


A.M. suppression ratio: 16 dB. 
Modulation: piano music. 
Loudspeaker: 10in elliptical. 


(16km, 6:3°%) for the comparative curve of Fig. 4(@); H 
nearly coincides with the absolute isolype for the criteriq 


‘disturbing’ in Fig. 4(b). i 


(3.3) Comparison of Receivers A and B using the Same 
Loudspeaker 


The receivers used in the tests described in Sections 3.1 ar] 
3.2 were compared when connected alternately to the san] 
high-quality loudspeaker. 
deliberately introduced in receiver A to eliminate differences | 


A slight low-frequency loss wi| 


the quality of reproduction of the two receivers in the absen I 


of delayed signals. 


100 


10 
PATH DIFFERENCE, km 


Fig. 5.—Direct comparison of receivers A and B. 
A.M. suppression ratio: Receiver A, 50 dB. 

; Receiver B, 16 dB. A 
Modulation: piano music. AT 

Loudspeaker: high-quality unit for both receivers. 
made by several engineers. For each selected path difference 
the lower curve gives the amplitude of delayed signal required 
for the output of receiver B to sound as distorted as that o 
receiver A, the delayed-signal amplitude for receiver A having 
been set to a value following the isolype of Fig. 3(a). | 
Although the signals being compared had the same path 
difference in each case, the type of distortion was not quite the 
same, since that caused by amplitude modulation, present only 
in the output of receiver B, had a different spectrum from that 
of the phase distortion. 


(3.4) Effect of increasing the A.M. Suppression Ratio 


Fig. 6 shows isolypes relating the delayed-signal amplitude te 
the a.m. suppression ratio of the receiver at each of four values 
of path difference, the subjective distortion being ‘slightly dis: 
turbing’. Results were obtained by comparing different con- 
ditions of receiver A having a.m. suppression ratios of 20, 3€ 
and 50 dB, the change in suppression being effected by a change 


The object of the tests was to find, fq 
receiver B, an isolype equivalent to that found for receiver Ht 


| !6 km 


RELATIVE AMPLITUDE OF DELAYED SIGNAL ,% 


4 


° 10 20 30 40 50 60 
A.M. SUPPRESSION RATIO, dB 


- Fig. 6.—Isolypes showing effect of increasing a.m. suppression ratio. 


7 | Modulation: piano music. 
Loudspeaker: high-quality unit for both receivers. 
( Receiver A. © Receiver B. 


- of pre-limiter gain. The results of the tests in Section 3.3 using 
“ }teceiver B are also shown; in addition, a further test was made 
in which receiver B was operated with an extra diode limiter 
which increased the a.m. suppression from 16 to 26dB. 

_ The curves indicate a considerable improvement in perfor- 
fae as the a.m. suppression ratio is increased up to 30dB, but 
little improvement at higher suppression ratios. 


(3.5) Effect of Changing Type of A.M. Suppression 
j Characteristic 


| Receiver A was adapted tohavetwoalternativea.m. suppression 
(characteristics, although having the same a.m. suppression ratio 
4 as measured by the method described in Section 2.3.1. The 
first characteristic was such that the amplitude modulation 
appearing at the output was zero at the mean carrier frequency 

| and increased linearly with deviation from this frequency. This 
i) type of a.m. response characterizes all balanced discriminator 
lcircuits, such as the Foster-Seeley circuit used in receiver A. 
) The second type of characteristic was such that the a.m. response 
was independent of deviation. This condition may be 
approached in a mistuned or badly aligned receiver; it was 
‘simulated by first adjusting receiver A to have an a.m. suppres- 
sion ratio of 50dB and then adding to the output a small a.m. 
‘signal from the grid circuit of the limiter valve. 

Arrangements were made to switch the receiver from one 
condition to the other, both conditions having been adjusted 
to have an a.m. suppression ratio of 20dB. The results of a 
comparison by six engineers are given in Table 1. 

The Table shows that, of the two receivers with the same 
nominal suppression ratio, the performance of the receiver with 
a uniform a.m. response was about 4dB poorer than that of 
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Table 1 


Delayed-signal amplitude for same annoyance 


Path 
difference 


A.M. response propor- 
tional to deviation 


A.M. response 
uniform 


vo 
57 
25 
9 
2) 


the receiver with a balanced discriminator, for delayed signals 
with a path difference of 8km or more. The most noticeable 
effect of the uniform a.m. response was the greater a.m. distortion 
at low modulation levels and large path differences. 


(3.6) Effect of Removing Pre-emphasis and De-emphasis 


The pre-emphasis network in the modulating circuit could be 
interchanged with an attenuator in the output circuit of the 
receiver. By this means, the modulation level at low frequencies 
was increased by the requisite 4dB, the pre-emphasis was 
removed and the de-emphasis in the receiver cancelled, while 
preserving the overall gain of the system. 

A comparison was made of the delayed-signal amplitudes 
which gave equal annoyance in the two conditions using 
receiver A, operating with a 50dB a.m. suppression ratio; the 
results are given in Table 2. 


Table 2 


Delayed-signal amplitude for same annoyance 


F.M. system 
with 50 microsec 
pre-emphasis 


F.M. system with 
no pre-emphasis 


% 
28 
9 
5 


It is seen that the use of 5O0microsec pre-emphasis (with 
de-emphasis at the receiver) enables a 7-8 dB larger amplitude 
of delayed signals to be tolerated when the path difference is 
in the 8-29km range. The most noticeable difference in 
character is the greater preponderance of high-frequency dis- 
tortion in the absence of pre-emphasis and de-emphasis. 


(3.7) Effect of Over-modulation and Under-modulation 


If the transmitter deviation is doubled and the receiver output 
halved to preserve the same programme level, the distortion 
caused by a small delayed signal is expected from theory to be 
the same as that caused at the original transmitter deviation by 
a signal of twice the delay and half the amplitude (see Section 8). 
This result was confirmed by tests on receiver A whose band- 
width had been made great enough to accept +150kc/s deviation 
with negligible distortion. Similarly, under-modulation pro- 
duced the inverse effect. The above equivalence breaks down 
for delayed signals of large relative amplitude or long delay, but 
appears to be adequate for most practical conditions. 


(4) DISCUSSION OF RESULTS 


A feature of the isolypes of Figs. 3 and 4 is the extent to which 
delayed signals become rapidly more annoying as the path 
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difference increases. For path differences less than about 2km, 
which are below the range investigated, delayed signals of 
relatively large amplitude can be tolerated so long as adequate 
a.m. suppression is maintained. However, in the case of the 
ratio detector, a delayed signal greater than about 50% of the 
primary signal will often cause distortion unless extra limiting 
is provided in front of the detector. This is a result of a diode 
cut-off effect which can occur when the signal applied to the 
ratio detector has a high percentage of amplitude modulation. 

As the path difference increases from 2km, the spectrum of 
the distortion extends to higher-order harmonics; this is clear 
from the example given in Section 8. It would appear that the 
ear is very sensitive to high-order harmonics, since the tolerable 
amplitude of delayed signal falls very rapidly over the range of 
path difference from 8 to 20km. For path differences of 30km 
and above, the harmonic spectrum extends beyond the audible 
range and the distortion is heard mainly as a hissing noise. 
Very large path differences (100km or more) are met only in 
exceptional circumstances, for example by reflection from intense 
aurora. The conditions are then practically identical with those 
of interference from a co-channel station carrying the same 
programme. In this case, using a receiver with good a.m. 
suppression, experiments indicate that the distortion of piano 
music is perceptible in the presence of an unwanted signal equal 
to 1:2% of the main signal. This result is to be compared with 
about 4% for a path difference of 29km as shown in Fig. 3(d). 
The decrease in the tolerable level of the delayed signal evidently 
continues as the path difference increases, and presumably 
approaches the co-channel interference figure above 100km. 

Another important feature of Figs. 3 and 4 is the way in which 
the annoyance varies with the amplitude of the delayed signal; 
a doubling of the amplitude, for instance, changes the annoyance 
by two subjective grades when the path difference is 10km. 

Most of the work described has been carried out with a pro- 
gramme of piano music because of its high susceptibility to this 
type of distortion; the difference between piano music and other 
types of programme is, in fact, quite striking. Thus, Figs. 3(6) 
and (c) show that, under certain conditions, distortion can be 
‘just perceptible’ on speech yet worse than ‘disturbing’ on piano 
music. In general, for the same grade of distortion of speech 
and piano music, the ratio of the delayed-signal amplitudes 
increases with the path difference and is about 11 dB for a path 
difference of 16km. A similar effect was observed with 
co-channel interference, the corresponding ratio in this case 
being 16 dB. 

Turning now to the importance of a.m. suppression in the 
receiver, Fig. 6 shows that a receiver giving an a.m. suppression 
ratio of 30dB is practically as good as one with a very high 
suppression ratio. A reduction to 16dB, on the other hand, is 
equivalent to doubling the amplitude of the delayed signal, or a 
deterioration of two grades in the subjective assessment. 

In these tests, the suppression ratio is measured by a method 
involving simultaneous amplitude and frequency modulation, 
as this method gives a single figure for the suppression which is 
reasonably consistent with the subjective assessment. For 
example, two receivers having extremely different types of a.m. 
suppression characteristic, but the same measured a.m. suppres- 
sion ratio, differed in their sensitivity to distortion by only 4dB. 

It is preferable for a receiver to give an a.m. suppression ratio 
of at least 35 dB by the simultaneous modulation method, when 
carefully tuned according to the manufacturer’s instructions, in 
order to be reasonably sure of optimum performance under 
multi-path conditions. This makes a small allowance for tuning 
inaccuracy or oscillator drift, which will generally cause some 
deterioration in a.m. suppression. An alternative method of 
measuring the a.m. suppression ratio which is sometimes used 
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is to compare the response of the receiver in turn to equal pe| 
centages of frequency and amplitude modulation (usually 30)) 
modulation). If this sequential method is used, a very hig 
suppression ratio at the carrier frequency to which the receiy||) 
is tuned does not alone ensure a minimum of multi-path disto} 
tion. To ensure reasonable protection, a figure of 30dB i)’ 
more should be obtained not only at the carrier frequency bi), 
also when the test is applied at frequencies +30kc/s relative } 
the carrier frequency. (A receiver without automatic frequend) 
control is assumed.) 

The advantage conferred by the use of pre- and de-emphasj 
under multi-path conditions is interesting. The delayed-sign; 
amplitude can be increased by some 8dB (Table 2) before j). 
causes the same degree of annoyance as in a system withoi). 
pre-emphasis; on the other hand, the improvement in signal/hil)_ 
ratio due to pre-emphasis in the absence of multi-path effects |) 
only about 2dB.* The reason for this may be appreciated | 
we tefer to the effect of over- or under-modulation mentioned jj!) 
Section 3.7. When pre-emphasis is applied, the deviation # 
low audio frequencies is reduced by 4dB. We may therefoi| 
consider its effect in two steps; (a) a reduction of deviation at a) 
audio frequencies by 4dB and (5) an increase of deviation 4 


ing de-emphasis in the receiver. Step (a) is equivalent to aj 
increase in amplitude of the delayed signal in the ratio of 1-6 :] 
and a reduction in path difference in the same ratio. Fig. 3(q 
shows that the results of these two changes, starting at th 
reference point (16km, 10%), is to give a new point (10 1) 
16%) below the curve, corresponding to a 2-7dB improvemen) 
Step (b), the application of pre- and de-emphasis without chang 
of deviation at low frequencies, is expected to produce aj 
improvement comparable with that for wide-band noise, namel) 
6dB. Thus a total increase of 8-9dB in the delayed-signd 
amplitude should be permissible when the path difference j) 
about 16km. Step (a) in the case of receiver hiss, of cours¢ 
gives a 4dB loss of signal/hiss ratio so that the net improvemer) 
is only 2dB. i 

The example given above has assumed a condition where || 
decrease in path difference is most potent in reducing distortior) 
For path differences outside the range covered by Table 2, th} 
effect of reduced deviation may no longer be beneficial and thi 
improvement due to pre-emphasis is expected to fall to 6dB a 
even less. 

A decrease in the loudspeaker response at the higher audi 
frequencies also reduces the audible distortion; the reduction i) 
changing from the high-quality loudspeaker to the 10in ellipti 
unit in receiver B was equivalent to a 2dB reduction in thi 
amplitude of the delayed signal. 


Cah 


(5) CONCLUSIONS 


Subjective tests on the amount of distortion produced in ai) 
f.m. receiver when, in addition to the primary signal, a delayed 
signal is present, have led to the following main conclusions: 


(a) A marked rise in sensitivity to distortion occurs as thi) 
delay is increased, especially for delays corresponding to a rangi) 
of path differences of 8-16km. 

(b) A delayed-signal amplitude of as little as 10% of the 
primary signal can cause ‘perceptible’ distortion of piano musi) 
with a good receiver for a path difference of 12km; moreover 
the distortion under the same conditions may exceed the ‘dis 
turbing’ level in some receivers if the a.m. suppression is insuffi 
cient. It is recommended that the receiver shall be designed te 


* This figure is based on subjective measurements using a wide-range loudspeaker) 
and takes into account the 4dB reduction of deviation at low frequencies which i 
mentioned in Section 2,3.3. 


ly ive a suppression ratio of at least 35dB (measured by the 
!)imultaneous method) to ensure a performance close to that of 
'tn ideal f.m. receiver. 

(c) For speech and many other types of programme, much 
W)ligher delayed-signal amplitudes can be tolerated than for piano 
ausic. 

| (d) A pre-emphasized system with a 50 microsec time-constant 
‘)onfers 7-8 dB greater protection against multi-path distortion 
‘(u|han an f.m. system of similar peak deviation (+75 kc/s) without 
"pre-emphasis. 


"| The severity of distortion is reduced if the a.f. amplifier or 
*oudspeaker in use has a poor treble response, and distortion 
may even escape detection under conditions when it would be 
/yuite obvious with a wide-range amplifier and loudspeaker. 
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1) | (8) APPENDICES 
(8.1) Distortion Caused by a Delayed Signal 


| The effect of a delayed signal in producing the unwanted 
amplitude and phase modulation of the composite signal is 
| illustrated in Fig. 7. It is supposed that the primary signal is 


i 
| gs i 
| 
| (a) 
i 
al 


O&+¢ t-T) 


(6) 


Fig. 7.—Vector diagram showing effect of delayed signal. 


3) Unmodulated carrier. 
6) Frequency-modulated carrier. 


travelling by a longer path, is added to it at the receiver. In the 
| absence of modulation, the relative phase of the second signal 
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will take a value ¢o, which depends upon the amount by which 
the path difference exceeds an integral number of wavelengths 
at the carrier frequency, and includes any phase change occurring 
on reflection. The received signal thus differs from the primary 
signal in both phase and amplitude as shown by the resultant, 
A, in Fig. 7(a). 

When frequency modulation is applied, it is convenient to 
represent the modulation of the received primary signal by the 
phase deviation (7). Fig. 7(6) shows the vector diagram for 
an instant, ¢t. The delayed signal has changed in phase by 
¢(t — 7) because it traverses the longer path and is delayed by a 
time 7 relative to the primary signal. Since the primary signal 
is distortionless, we may regard the angle ¢, as the phase error, 
or phase distortion, in the composite signal. Making the 
quasi-stationary approximation for the case where a < 1, we 
may write for the resultant: 


AQ) =1 +acos[Ho+4¢—-7)—¢M]. . . . @ 
$(t) =asin[d+¢¢—-D—-¢O] . 2. . . @ 


“be (t) = acos [fy + ae —7)— ¢(t)] 
x [w(t —7) — o(9] ©) 


Eqn. (3) gives the distortion term w,(f) of the instantaneous 
angular frequency defined by w = d¢/dt; the distortion appearing 
at the output of a discriminator will be proportional to this 
term, although it will afterwards be modified if de-emphasis is 
applied. Insufficient a.m. suppression will allow a further con- 
tribution to the output, but this will follow eqn. (1) closely in 
form only if the a.m. suppression is constant over the deviation 
range, 


Welt) = 


(8.2) Distortion Waveforms and Spectra for Sinusoidal 
Modulation 


An analysis of the harmonic distortion produced by a single 
delayed signal has been given for a system with perfect amplitude 
limiting.4 A similar analysis is developed here but is extended 
to include the effects of imperfect limiting in certain types of 
receiver. 

The above equations are quite general with regard to the 
modulation applied; however, it is interesting to examine the 
result if a simple sine-wave modulation is applied. Thus, 
referring to eqn. (1), we put 


w(t) = w, cos pt 
or P(t) = $y sin pt 


where ¢, = @,/p, and insert the values a = 0-1, p = 10a, 
do = 7/4, by = 60, T = 67 microsec and wy = 6 X 1047, ice. 
+ 30ke/s peak deviation at 500c/s is applied, the delayed-signal 
amplitude is 10% of the primary signal and the path difference is 
approximately 20km, but actually is such as to correspond to 
the chosen carrier phase difference of 77/4. 

Fig. 8 shows the waveforms for this case; (a) shows the instan- 
taneous frequency as a function of time for the primary and 
delayed signals, (6) the variation of amplitude with time given 
by eqn. (1) and (c) the same variation of amplitude plotted 
against the instantaneous frequency of the primary signal, w(?). 

For sinusoidal modulation, eqn. (1) becomes 


A(t) — 1 = acos [49 — 2¢4 sin $p7 cos p(t — 47)] 


= aicOs E _ : (sin £pr)w(t — | ie ees: (4) 
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Fig. 8.—Distortion as function of time and frequency for sinusoidal 
modulation. 


(a) Frequency of primary and delayed signals. 

(b) Variation of a.m. component with time: uniform a.m. response. 

(c) Variation of a.m. component with frequency: uniform a.m. response. 

(d) Variation of f.m. component with time. 

(e) Variation of f.m. component with frequency. 

(f) Variation of a.m, component with time: Foster—Seeley a.m. response. 

(g) Variation of a.m. component with frequency: Foster—Seeley a.m. response. 


The points of symmetry of the time function (6) are therefore 
delayed by a time 47 and the amplitude modulation is a single- 
valued function of w(t — 47) rather than w(f). If the amplitude 
modulation is plotted against w(t), as in Fig. 8(c), the result will 
approach a single-valued function of the modulating frequency, 
p, only when w(f) is almost equal to w(t — 47); in general there 
will be a phase shift. Although in the present case this is only 
a fraction of a modulation cycle (6°), it appears as a large phase 
shift of the a.m. function shown in Fig. 8(b). The f.m. receiver 
described in Section 2.2 enables the path difference of the 
principal delayed signals to be estimated. With a low modula- 
tion frequency a clear display is obtained, as shown in Fig. 2, 
but on a typical broadcast programme, the mis-phasing effect 
of the kind illustrated in Fig. 8(c) causes some blurring of the 
display. 

Figs. 8(d) and (e) show the f.m. distortion term of eqn. (3) 
plotted in the same way. The term w(t — 7) — w(t) in the 
present example becomes 


wg [cos p(t — rT) — cos pt] = 2wg sin 4p7 sin p(t —47) (5) 


From eqns. (3) and (5) the peak amplitude of the distortion is 
therefore 2aw, sin 4p, which is 2:1% of the amplitude w, of the 
fundamental frequency modulation; the average percentage dis- 
tortion would be about 1-5 % owing to the sinusoidal modulation 
of the envelope of the distortion. Because of the high har- 
monic content this distortion figure is reduced somewhat by 
de-emphasis; it is still important, however, since this type of 
distortion is much more noticeable than low-order harmonic 
distortion, and it would have to be well under 1 % to be inaudible. 

Finally, Figs. 8(/) and (g) show the a.m. waveform as modified 
by an ideal Foster—-Seeley discriminator. Here, as in the case 
of the unmodified amplitude modulation of (6) and (co), its 
importance in relation to the f.m. distortion is a function of 
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Fig. 9.—Distortion spectra for sinusoidal modulation. 


(a) A.M, component: uniform a.m. response: a.m. suppression ratio, 20 dB.4 
(6) F.M. component. 4 it 
ate A.M. component: Foster-Seeley a.m. response: a.m. suppression rati) 
dB. i 


—O—O— No de-emphasis. i 

--- X--- X--- 50 microsec de-emphasis. 
the a.m. suppression; comparison is also complicated by tt) 
different spectral content. The spectra may be calculated bj) 
expanding expressions (4) and (5) in terms of Bessel coefficient} 
and the result for the present example is given in Fig. 9. 

The spectra shown in Figs. 9(a), (b) and (c) are those of th) 
time functions (6), (d) and (f) of Fig. 8, but the a.m. spectra 
Figs. 9(a) and (c), have been reduced to correspond with an a.nj 
suppression ratio of 20 dB, showing a power content comparabli 
with the f.m. spectrum in Fig. 9(6). The spectral envelope |] 
shown as a full line for no de-emphasis, while the dashed lin} 
shows how the spectrum is modified after 50micro e| 
de-emphasis. The envelope is a smooth curve for the val 
of ¢o chosen in the example; for other values, alternat 
harmonics tend to predominate, but the redistribution of powe 
will have little effect on the subjective distortion. 


(8.3) Effect of Change of Frequency Deviation 


It is interesting to consider the effect on the distortion of 
change in the peak deviation of the primary signal. If thi 
deviation is increased by a factor m, the phase deviation become) 


$'(t) = m¢() 


the a.m. distortion given in eqn. (1) becomes 
A(t) — 1 = acos [¢y + m¢(t —7)— md] . 6 


and the phase distortion given by eqn. (2) becomes 
Pt) = asin [bo + md(t — 7) — md(d)] 


If, instead of increasing the deviation by m, the delay time, 7, 
increased and the delayed signal amplitude decreased by m, 
\/e same equations become 


$') = 


Ba — 1 = < cos [$y + H(t — mz) — 4(0)] oO) 


£() = = sin [$9 + $¢ — mr) — $0] 


omparing eqns. (6) and (7), the magnitudes of the distortion 


| DISCUSSION BEFORE THE ELECTRONICS AND 


i Mr. G. Millington: The problem discussed in the paper forms 
| good illustration of the difficulties so often imposed by the 
fopagation medium when a new system of communication is 
tploited. Frequency modulation has obvious attractions as 
mpared with amplitude modulation for v.h.f. sound broad- 
-jisting, but I should like to ask whether in respect of multi-path 
istortion amplitude modulation is as susceptible as frequency 
\iodulation, and what bearing this may have on the choice of 
|Pesumat for future applications. 


'| Presumably tests were made to check that the delayed signal 
bnerated by the simulator in Fig. 1 was itself undistorted, so 
nat the distortion in the combined signal was genuinely due to 
te delay time. With regard to the subjective tests, I realize 
| hat it is difficult to give precise definitions of the different grades 
| f distortion, but I feel that the criteria adopted are unsatisfactory. 
Perceptible’ and ‘disturbing’ are general terms that need 
‘ualification, and I notice that in presenting the paper the author 
id, in fact, define more closely what he means by a perceptible 
Hs compared with a just perceptible annoyance. 

| With regard to the absolute tests, I am intrigued by the 
Jaggestion that the adjustment of a knob was adopted only 
or engineers since it required some skill to produce a desired 
linhoe. Surely it is a matter of experience that could be 
\cquired by any intelligent person rather than of engineering 
kill as such. 

| It would have been useful if the author could have related his 
esults more closely to practical working by describing, for 
jastance, some of the situations in which multi-path distortion 
jan be troublesome. I have the feeling that in most cases the 
ime delays are shorter than those mainly considered in the paper, 
md it would have been interesting to have been told of the 
| Becta topological conditions in which long time delays can 
‘yecur. In the case of reflections from aircraft, the time delays 
ire usually short from the point of view of sound broadcasting, 
tnd in the demonstration given the extremely unpleasant effect 
Nas almost certainly due to the Doppler change in frequency 
'ather than to the time delay. 

Mr. A. P. Hale: Would a narrower-band frequency-modulation 
lystem give better results regarding multi-path distortion without 
imy corresponding major disadvantages? 

_ The use of directional aerials at the receiving site would give 
very great improvement in results; examination of the graphs 
‘hows that even the use of an aerial of low directivity, such as 
in H-aerial, could result in the interference becoming imper- 
reptible in very many cases. 

_ Mr. H. Page: The original reason for using pre- and de- 
emphasis i in f.m. transmissions was to improve the signal/noise 
tatio, and the time-constant was decided on this basis. Some- 
what extravagant claims have been made (and are still sometimes 

Vo. 107, Part B. 
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terms are equivalent in relation to the total deviation, subject to 
the original restriction a < 1. 

The terms within brackets, which govern the form of the 
distortion, will be nearly equivalent so long as the delay time, 
7, is short compared with one period of the highest significant 
modulating frequency. In this case, the rate of change of (7) 
will be almost constant during a time interval, 7, so that the terms 
both become equal to [¢9 — mrd¢(f/dt]. In practice, since 
high-order harmonics are the most disturbing, the audible dis- 
tortion will arise mainly from modulating frequencies extending 
up to 1kc/s, so that the equivalence may be taken as valid for 
7 < 100microsec or for path differences of up to about 30km. 
This equivalence of the changes represented by eqns. (6) and (7) 
is referred to in Section 3.7. 


COMMUNICATIONS SECTION, 4TH APRIL, 1960 


repeated in published articles) for the improvement it is possible 
to obtain. In fact, the improvement realized in practice is very 
small for two reasons: first the average programme level must 
be reduced to avoid exceeding the peak deviation of the system; 
and, secondly, the ear acts as a natural de-emphasis network, 
and the subjective effect of the additional de-emphasis network 
used in the receiver is small. 

However, as the author points out, de-emphasis has the 
beneficial effect of substantially reducing multi-path propagation 
distortion, and this may be the most important justification for 
its retention. If the author agrees with this conclusion, does he 
consider that the pre-emphasis time-constant of 50microsec 
used in Europe is the best compromise? 

Mr. F. C. McLean: In the imperfect receiver B, to what extent 
does the effect noted depend upon the signal input? Would the 
curve be different if shown for an input of 1mV in comparison 
with 250pV? 

It is difficult to imagine that when there is a large difference 
of path between two signals, the indirect signal can be so very 
high compared with the direct signal. Are there any data giving 
the percentage of times at which various ratios between the 
wanted and unwanted fields are to be expected? 

Mr. J. Moir: The distortion produced by long path reflections 
sounds remarkably similar to that produced by a rubbing voice 
coil and results in quite a few complaints, which should really 
be directed at the receiver manufacturers! 

Have the B.B.C. listener research group any statistics showing 
the number of listeners that complain about the distortion 
introduced by long path reflections? Although the trouble can 
be very obvious with high-quality sound-reproducing equip- 
ment I suspect that many of the ordinary broadcast receivers 
have such a narrow bandwidth that they are more or less 
immune from trouble. 

It has been suggested that a large amount of equipment is 
required to ensure that the aerial is pointing in the correct 
direction. However, if the incoming signal is greatly attenuated 
by some such simple device as inserting a piece of paper in the 
aerial input socket, the signal can generally be brought down 
below the level at which adequate limiter action is obtained. 
Under these conditions the direction and height at which to 
mount the aerial can be decided by a simple listening test. 
After clamping the aerial in this position the paper can be 
removed to increase the signal to the maximum obtainable with 
a fair degree of confidence that the aerial is pointing in the right 
direction for minimum distortion. 

Are the expensive tuner units sold to the high-fidelity 
enthusiast any better in respect of this distortion than the 
commercial f.m. receivers sold at a much lower price? 

Dr. G. J. Phillips: One question that has been raised concerns 
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the path differences that are significant in practice. Experience 
in the B.B.C. Research Department has shown that, when com- 
plaints of multi-path distortion arise, the path differences 
involved are usually in the range 8-24km. For shorter path 
differences a large amplitude of reflected signal can be tolerated 
without distortion, so that trouble rarely occurs. Path differences 
exceeding 24km are probably large compared with the average 
spacing of hills; screening of the receiver from the direct signal 
but not from the reflected signal is then less likely, and the 
extra path travelled greatly weakens the reflected signal. 

One evening in 1957 I was able to hear multi-path distortion 
of a f.m. transmission from Sutton Coldfield as received in the 
London area. I believe it arose through reflection from an 
aurora; this is, of course, a rare occurrence and would in any 
case be detected only well outside the normal service area of a 
transmitter. 


THE AUTHOR’S REPLY TO 


Mr. R. V. Harvey (in reply): I agree with Mr. Millington as to 
the difficulty of specifying subjective criteria for distortion. The 
four criteria described in the paper may be regarded as labels 
for four adjacent sections of the region extending from ‘imper- 
ceptible’ to ‘intolerable’, and, judging by the results, their 
interpretation is very consistent in practice. Referring to the 
absolute tests, no suggestion was intended that only engineers 
were capable of adjusting knobs, but their patience and experience 
are undoubtedly required to assess the distortion on varying 
programmes and to make fine adjustments based on the average 
rather than the instantaneous annoyance. 

In reply to Mr. McLean, the distortion heard from receiver B 
was indeed a function of the signal level in so far as the a.m. 
suppression ratio varies with signal level. The tests were con- 
ducted at a level at which the suppression ratio was the value 
given. Maintaining a good suppression ratio down to low 
signal levels is a matter of receiver design, and, in reply to Mr. 
Moir’s suggestion, our experience has shown that an expensive 
tuner or receiver is not necessarily better in this respect than a 
cheap one. 

I am grateful to Mr. Page for relating the chequered history of 
pre- and de-emphasis in f.m. broadcasting. The reduction in 
multi-path distortion that it affords is indeed very valuable with 
a time-constant of 50microsec’and this may well be the best 
compromise. The use of a longer time-constant would give 
further improvement in this respect but would begin to degrade 
the effective signal/noise ratio and increase the possibility of 
co-channel interference. Above a value of, say, 200 microsec, 
the accurate equalization of programme might become difficult 
and the receiver hum level could become appreciable. Part of 
the benefit of pre-emphasis arises as a result of the necessary 
reduction of the deviation, as Mr. Hale suggests, but the 
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listeners affected, but in the first two or three years attend | 
start of the v.h.f. service in 1954 a significant flow of complai | 
was received from listeners which, clearly, were concerned w) 
multi-path distortion. It was, indeed, a matter of considera 


increasing in muibera as v.h.f. listening spread. 

In the last two or three years, however, and coincident w) 
the improvement in design of receivers—although, perhaps} 
is disappointing that there has not been greater use of bet 
aerials—there has been a steady fall in the number of compla i 
from listeners, despite the fact that there are now some 3 
v.h.f. receivers in' use whereas in the first two years there \ 


perhaps less than a quarter of a million. 


THE ABOVE DISCUSSION 


associated high-frequency accentuation avoids some of 4 
disadvantages of a narrow-band f.m. system. 

I thank Dr. Phillips for the information on the statistics of ! 
incidence of delayed signals, and Mr. Turner for his comme} 
on the incidence of the annoyance among listeners; | 
answered some of the questions raised by Messrs. McLed 
Millington and Moir. It is difficult to obtain exact statist} 
of the annoyance caused by multi-path distortion, as m4 
listeners are not able to distinguish this from other forms } 
distortion or interference. Mr. Moir may be correct in svj 
gesting that, in many instances, the complaints should | 
directed at the receiver manufacturers, and here the B.B} 
Research Department has been doing what it can to disseming 
any new ideas on simple and effective improvements in receiv) 
design. I agree entirely with the comments of Messrs. Moir aij 
Hale regarding the directivity and orientation of the aerial, b 
the implementation of these ideas is really the job of the servi 
man. However, manufacturers might well consider supplyi 
some simple form of room or loft aerial with instructions 
its orientation. 

Mr. Millington raises the question of the impact of multi-paj 
distortion on the choice between a.m. and f.m. for a broadca 
service. Though it is certainly true that an a.m. service wou 
be affected only by very large reflected signals of long dela 
I believe that the majority of complaints of distortion would nj 
have arisen were it not for the relative freedom from noise ar 
other forms of interference conferred by an f.m. system. 
experience gained as a result of these complaints has, in fad 
led to improvements in receiver design which have reduced tl 
number of dissatisfied listeners, as mentioned by Mr. Turne 
I am sure that, with further understanding and co-operatio' 
this improvement will continue. 
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SUMMARY 


» A marked variation occurs over the sunspot cycle in the discrepancies 
tween predicted F2-4 000 km m.u.f. and the observed times of fade-in 
jnd fade-out on an 18-4Mc/s Bombay-London circuit. This is 
‘articularly marked in summer and is attributed to the influence of 
“he sporadic-E layer, although there is no marked sunspot-cycle effect 
\ ttributed to this layer. 

' Any assessment of the accuracy of predictions analysed on the 
)\ssumption of F-layer propagation must be considered in relation to 
he phase of the sunspot cycle to which it refers. 


i 


(1) INTRODUCTION 


) During 1953-55 considerable attention was focused on the 
liscrepancies between the predicted standard* m.u.f. and the 
)bperational* m.u.f. as observed on radio circuits. In particular, 
ittention was drawn to the magnitude of the summer error on 
\medium- and long-distance east-west circuits on which, during 
he sunspot minimum years, it was possible between May and 
|August to use frequencies considerably above those predicted 
by the 2-control-point method for the normal E and F2 layers 
only. It may not be generally realized that this major error 
Associated with the summer condition is, in fact, at its greatest 
around the minimum of the sunspot cycle and that during the 
(maximum of the cycle the predicted standard m.u.f.’s for these 
toutes are, so far as the summer is concerned, generally in 
fair agreement with those derived from the observed fade-in 
and fade-out times on operational circuits. Since both Depart- 
iment of Scientific and Industrial Research (D.S.I.R.) predic- 
tions and circuit performance data are now available for a 
minimum and maximum of the sunspot cycle, it is possible for 
the first time to attempt to assess the accuracy of predictions 
as a function of sunspot activity. It must, however, be stressed 
that, owing to the nature of Commercial operations, any such 
comparisons between the operational m.u.f., as defined by the 
monthly median of the daily fade-out times of a main day 
frequency and the predicted standard m.u.f., usually relate to 
‘only one point on the diurnal curve of standard m.u.f., and, as 
(can be seen from Fig. 1, these fade-out times show a large 
change from sunspot maximum to minimum. 


(2) OBSERVATIONS 


Fig. 2 shows the differences between the operational and pre- 
dicted standard m.u.f.’s as a percentage of the predicted standard 
m.u.f. at fade-out time for the 18-4 Mc/s frequency used on the 
Bombay-London circuit. 


* These terms are defined in C.C.I.R. Recommendation 318, Document No. 573, 
Los Angeles, 1959. ; 
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Fig. 1.—Variation of fade-out time of 18-4 Mc/s with sunspot number 
in June and December for the Bombay—London radiotelegraph 
circuit. 


A negative percentage error indicates that the operational 
m.u.f. was greater than that predicted. 

From the data given in Fig. 1 the curves shown in Fig. 3 
have been prepared; the error has been averaged for the period 
May-August to represent the summer condition and for 
November—February to represent the winter condition. Fig. 3 
also shows the average values of the 12-month running-average 
sunspot number for the summer and winter conditions. 

It will be seen that the consistently large under-prediction 
associated with the summer months from 1950 to 1955 reached 
maximum proportions during and just after the lowest part of 
the minimum, i.e. 1954 and 1955, and that during the highest 
part of the maximum, namely 1947-48, the error appears to be 
very small. However, owing to the large difference between the 
fade-out times of 18-4Mc/s at sunspot maximum and sunspot 
minimum, the accuracy of the prediction is—as has already been 
pointed out—being examined at times varying from approxi- 
mately 2100 G.M.T. in June, 1954, to 0200 G.M.T. in June, 1947. 
The assumption that the ‘summer error’ virtually disappears 
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Fig. 2.—Average error in predicted monthly-median m.u.f. at fade-out 
time of 18:4 Mc/s at various parts of the sunspot cycle, for the 
Bombay-London radiotelegraph circuit. 


in sunspot-maximum years is therefore valid only if for a par- 
ticular year the error is relatively constant between these hours. 
An examination of data recorded during the summer of 1956 
(sunspot maximum) on the London—Colombo radiotelegraph 
circuit, which can be expected to have characteristics similar to 
those of the Bombay—London circuit, has shown, however, that 
the error in the m.u.f. prediction can, in fact, be assumed to 
remain fairly constant over the period 2100-0200 G.M.T. 

Whereas this summer error, when it occurs, is consistently 
negative, errors during the winter, although often of considerable 
magnitude, appear to follow no particular trends. 

No similar detailed analysis has been made for any other 
long-distance east-west route, but an examination of the general 
circuit ‘post-mortem’ information for circuits into London from 
Colombo, Shanghai, Taipeh, etc., showed, during summer 
months, the same decreasing correlation between predicted 
standard and operational m.u.f.’s as the sunspot minimum 
approached. 

It might be concluded from this analysis that, during the 
summer at times of sunspot maximum, the assumption that 
propagation on these routes is governed by the normal E and 
F layers enables a reasonably accurate prediction of fade-out 
time to be made using the 2-control-point method. This con- 
clusion does not, however, hold during summer at sunspot 
minimum, possibly owing to the effects of sporadic E-layer 
ionization. 
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Fig. 3.—Average summer and winter errors in predicted monthly 
median m.u.f. at fade-out time of 18-4 Mc/s, for the Bombay 
London radiotelegraph circuit. 


(3) USE OF PREDICTIONS 


The m.u.f. for the Bombay—London circuit is determined fo 
most of the time by conditions at the control point at the Londo 
end, and it should therefore follow fairly closely the changin 
values of fF2 measured at Slough when the ‘summer error’ : 
not present. (This assumption is basic to the following dis 
cussion.) If there were a period when the predicted values ¢ 
fF2 for Slough were seriously in error, an opportunity would t 
afforded to assess the magnitude of this error from data on tk 
performance of this particular circuit. Such a period occurre 
between July, 1950, and September, 1951, and is illustrated 1 
Fig. 4, which shows noon values of fF2 measured at Sloug 
during the past 25 years. A fairly smooth envelope has bee 
drawn over the maxima and minima of the seasonal variation 
and this shows that the 1950-51 seasonal variation is cot 
spicuously irregular. This irregularity was not anticipates 
and the predictions were consequently less accurate during th 
period. In this case the fF2-prediction error can be accurate! 
computed and is plotted in Fig. 5. 

During the past 15 years more than half the predictions of fF 
for Slough noon have been within +7% of the measured valu 
and it will be seen that this holds fairly well over the two samp 
years 1950-51 except for the winter period referred to aboy 
when the error reached just over 40%. This error refers 1 
noon values of fF2, but this determines the 4000km standa 
m.u.f. value given at times of fade-in and fade-out and mz 
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Fig. 4.—Measured noon values of foF2 at Slough during 1933-56. 


1950, 


Fig. 5.—Average error in predicted noon values of fF2 at Slough and in predicted monthly-median m.u.f. for the 
Bombay-—London path at fade-out time of 18-4 Mc/s during 1950-51. 


Slough noon predictions. 


---- Copied from Fig. 2. 


therefore be compared with Fig. 2, which is redrawn on Fig. 5 
for ease of comparison. If allowance is made for the ‘summer 
error’ (which is discussed below) the two graphs show quite 
clearly that the known error in prediction produced large dis- 
crepancies which were detected on this commercial circuit. 


(4) THE SUMMER ERROR 


The summer error is demonstrable only when propagation by 
the sporadic-E layer is not taken into account. The recognition 
in 1935* of the importance of the abnormal E-layer in facilitating 
long-distance high-frequency communication was followed by 
the introduction of this type of propagation into the forecasts 
issued by D.S.1.R. and by others of m.u.f.’s up to 2000km 
tange. In 1946 this fEs prediction was dropped, but those 
responsible for the maintenance of radiocommunication are 
fully aware of its importance. However, it has proved difficult 
to make accurate quantitative assessments of its influence on 
individual circuits. 

In Section 2 reference is made to a hitherto unrecorded 
sunspot-cycle effect in the errors recorded on the Bombay- 
London circuit in summer when F2-layer propagation only is 
considered. This sunspot-cycle effect provides an opportunity 
of demonstrating the improvement which could result from the 
inclusion of a suitable forecast of propagation by the Es layer. 
Since there is no marked sunspot-cycle effect in the measured 
values of fEs, some further discussion of this quantity is 
Tequired. 


(5) INTERPRETATION 
The Slough measurements of fEs and fF2 have been converted 
to values of standard m.u.f. corresponding to the distances of 


* AppLeTON, E. V., and NAIsmiTH, R.: ‘Some Further Measurements of Upper 
Atmosphere Ionization’, Proceedings of the Royal Society, A, 1935, 150, p. 691. 


2000 and 4000km respectively, which are those normally asso- 
ciated with one reflection in the layer to which they refer. On 
the Bombay—London circuit the path is nearly due east, and the 
two control points, one in the E layer and one in the F2 layer, 
are approximately 1000km (or 15° in longitude) apart. Since 
this corresponds to one hour in local mean time (L.M.T.) it is 
better to plot the diurnal variations at the two control points 
on the same diagram in terms of Greenwich mean time, and 
this has been done in Fig. 6. Furthermore, each quantity has 
been averaged over the period May-June to give a representative 
summer value for comparison with the circuit data described 
above. 

The graphs show quite clearly that a frequency of 18-4 Mc/s 
would be controlled by the F2 layer at fade-out time and by 
either layer at fade-in time at sunspot maximum (1947) 
[Fig. 6(a)]. At sunspot minimum (1954) [Fig. 6(c)] the Es-layer 
controls the circuit both at fade-in and at fade-out times. Inter- 
mediately (1951), Fig. 6(6) shows that either layer may control 
at fade-out but the Es layer would still control at fade-in time. 
Thus, it is to be expected that at sunspot minimum a considerable 
error will appear in the predicted fade-in and fade-out times 
when the predictions are based simply on the normal E and 
F layers. At sunspot maximum, however, when the F2 layer 
controls, the error could be expected merely to reflect the error 
in the prediction of foF2, which, as has been mentioned in 
Section 3, is of the order of +7%. 

The observations referred to in Section 2 show that this is, 
in fact, what happens, the error during the summer months 
being a maximum at sunspot minimum. Any assessment of 
the accuracy of m.u.f. predictions which takes account of the 
normal E and F layers only must therefore be considered in 
relation to the particular phase of the sunspot cycle to which the 
assessment refers. 
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The actual fade-out times for June shown in Fig. 1 have been 
plotted on the average summer curves of Fig. 6, and it will be 
seen that the predicted fade-out time is in fairly close agreement 
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with the actual fade-out time if both the Es and F2 layers aj 
taken into account. 


} 


(6) FURTHER DISCUSSION 


On a number of occasions the standard m.u.f.’s for the }} 
and F2 layers are similar, and this will generally produce son) 
extension of time during which the circuit can be operated. Fy 
example [see Fig. 6(b)], although 18-4 Mc/s may only be prop 
gated by the Es layer for, say, 40% of the time between 226 
and 2315G.M.T., it may be possible for the F2 layer to contin) 
the propagation for a further 10% since the relationship of hig| 
values of fEs and fF2 appears to be random. 

On the other hand, at sunspot minimum, when only one layé 
is effective, the fade-out time should be nearer to that computed-} 
as, in fact, it is in Fig. 6(e). | 

In Fig. 5 the discrepancy between the predictions for Novemfil 
and December, 1951, and the observations is greater than th} 
average referred to in Section 3. We have studied this poi] 
and find that this error cannot be explained in terms of 
values observed at Slough. 

The prediction error for {F2 was near the average and 
error due to the form of presentation was not greater than 107) 
Although both errors were in the direction shown, they do nd 
account for half the error observed but further examinatio} 
of the cause is outside the scope of the paper. | 


(7) CONCLUSION 


The analysis of the discrepancies between F2-layer prediction} 
and the performance of a Bombay—London circuit show thé 
inaccuracies in the basic prediction can be detected. It als) 
shows the existence of a ‘summer error’ in the standard m.u.j 
prediction which varies over the sunspot cycle and makes j 
necessary to refer to the phase of the sunspot cycle in any discus 
sion of these discrepancies. | 

The ‘summer error’ is shown to be most likely due to propaga 
tion by the sporadic-E layer. 
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SUMMARY 

' A commercially developed version of a wide-band microwave 
‘milliwattmeter for the frequency band 8:2-12-4 Gc/s, based on Lane’s 
‘principle of mounting a narrow resistive strip in the transverse plane 
of a waveguide, is described. The instrument gives power measure- 
“ments in the range 1-100 mW with an accuracy within +2°%. Effects 
| of temperature are discussed, and a robust version of the milliwattmeter 
Jis mentioned. Two models designed on the same principle for the 
frequency bands 12-4-18 Gc/s and 26-540 Gc/s are also described. 

| Comparison of these with other power-measuring instruments 
‘indicates that the resistive strip mounts are of high accuracy at these 
frequencies. This is obtained by the simplicity of design of these 
‘mounts resulting in lower power losses. 


(1) INTRODUCTION 


| For some time there has been need for a relatively simple and 
accurate method of measuring microwave power levels in the 
/milliwatt region. It has been shown! that errors of up to 10% 
‘ean occur using thermistor or bolometer mounts at wavelengths 
|of 3cm, and these errors are considerably larger at higher fre- 
‘quencies.2 Lane? has shown that a narrow strip resistive-film 
‘bolometer mounted symmetrically in the transverse plane of a 
‘rectangular waveguide with a short-circuiting termination at a 
distance of about A /4 behind it will act as a non-reflecting 
‘power-absorbing device: The films used by Lane consisted of 
platinum deposits sputtered on to mica strips. It was found 
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in this fashion the high-frequency current distribution is prac- 
tically the same as that for the d.c. case. Hence the device can 
be calibrated in terms of d.c. power dissipation. By attaching 
a thermocouple junction to the centre of the film an indication 
of temperature rise may be obtained by use of a galvanometer 
or other sensitive d.c. measuring instrument. 


(2) DESIGN OF MILLIWATTMETER FOR THE FREQUENCY 
BAND 8:2-12:4Ge/s 

The construction of a milliwattmeter based on these prin- 
ciples and designed for commercial use in the frequency band 
8-2-12:4Ge/s is illustrated in Fig. 1. The film is deposited on 
to a 0-004 in thick crown-glass strip using a vacuum evaporation 
process. The plain glass strip is first mounted in a vacuum 
evaporation plant and a central length of 0:4in is masked. A 
film of gold is then deposited on to the glass. The mask is 
removed and an evaporation of Nichrome is performed so that 
the d.c. resistance between the gold terminals is between 480 
and 520 ohms. The resistances are based on the results obtained 
by Lane, and also provide a reasonable degree of tolerance for 
the evaporation process. Finally a protective coating of silicon 
monoxide is deposited on to the central portion of the strip, 
leaving a small length free at each end for electrical contact to 
the gold deposit. Films produced by the technique of sputtering 
platinum on to mica were investigated, but the resistances 
obtained by this process varied considerably, differences of 
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Fig. 1.—Construction of 8-2-12-4Gc/s milliwattmeter. 


that if the d.c. resistance of the strip was made about equal to 
the wave impedance of the guide, 377A,/A ohms, the slight 
inductive component due to the geometry “of the strip could be 
‘cancelled out by adjusting the position of the reflecting termina- 
men to a distance slightly greater than A,/4. For a strip mounted 


ited for consideration with a view to publication. 


} Written contributions on papers published without being read at meetings are 
_ Mr. Lemco and Mr. Rogal are with Wayne Kerr Laboratories Ltd. 


up to 5:1 being noted among strips prepared under identical 
conditions. Glass was substituted for mica, as this is not a 
suitable substrate for the evaporation method, and Nichrome 
was used as the resistive medium in preference to platinum for 
economic reasons. 

The finished strip is mounted in waveguide No. 16 (0-9 x 
0:4 in i.d.) between two machined flanges, so that the only major 
gaps in the guide are 0-005 in wide slots where the glass emerges 
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from the walls. The resistive element is connected directly to 
the guide at one end by one of the gold terminations. One of 
the pair of terminals marked ‘D.C. Calibrate’ is also connected 
directly to the guide. The other gold termination is held 
insulated from the guide, as far as direct current is concerned, 
and a connection is taken from it to the remaining terminal of 
the ‘D.C. Calibrate’ pair. This pair of terminals is used in the 
calibration of the instrument. 

A copper-Eureka thermocouple junction is attached to the 
centre of the resistive film by a spot of adhesive. The thermo- 
couple wires are taken through the centres of the side walls of 
the guide, the Eureka wire then being connected to a second 
copper wire so as to form another thermocouple junction. This 
junction is embedded within the flange assembly and provides a 
measure of temperature compensation for changes in ambient 
temperature. The two copper leads from the junctions are 
taken up to the pair of terminals on the outer cover marked 
‘R.F. Power’. 

The short-circuiting plunger at the rear of the film is of a 
non-contacting cylindrical design. It consists of a series of low- 
and high-impedance sections each equal to A/4 at midband. 
This type of plunger acts as a good short-circuit over a wide 
band. The lengths of the high- and low-impedance sections may 
vary from 0-1A to 0:4, before a deterioration in performance is 
observed. Also, the design has the advantage of being free from 
the effects of the relatively poor short-circuit at the rear of the 
plunger, where it is mounted in the end of the guide. 


(3) CALIBRATION AND PERFORMANCE 


(3.1) Calibration and Accuracy 


Using high-grade d.c. instruments the calibration may be 
performed with errors not exceeding 4%. During the calibration 
the ‘R.F. Power’ terminals are connected to a galvanometer. 
For powers up to 100mW a linear relationship holds between 
power and galvanometer deflection. 

A minimum sensitivity of 10 ~.V/mW was aimed at, but some 
models have been found to have sensitivities as high as 15 wV/mW. 
The sensitivity performance depends on the nature of the intimate 
contact between the thermocouple and the film, and once a firm 
contact has been made the performance is not critical with respect 
to time. Using a galvanometer of sensitivity 0-5mm/wV with 
an internal resistance of 100 ohms, the time-constant of the milli- 
wattmeter was 15sec. For measurements of powers below a 
milliwatt a more sensitive galvanometer or d.c. indicating device 
may be used. 

Fig. 2(a) shows the variation of v.s.w.r. with frequency for 
optimum micrometer setting. Measurements on a large number 
of models have shown that the v.s.w.r. tends to be better at the 
high-frequency end of the range for lower values of the film 
resistance, i.e. values nearer to 480 ohms than to 520 ohms. This 
is to be expected from consideration of the formula for wave 
impedance. In use a correction for power loss due to reflection 
from the film can easily be applied. For a v.s.w.r. of 0:8 this is 
just over 1%. 

Three of the production models of the instrument have been 
checked for accuracy against power-measuring standards such 
as the double-vane force-operated wattmeter* and water calori- 
meters. These comparisons have been carried out at two 
different establishments with independent equipments. In both 
establishments power levels were set up in a main guide using 
the force-operated wattmeter and a water calorimeter. The 
milliwattmeter was attached to the main guide by a calibrated 
directional coupler. The deviation in measurement of power 
between the milliwattmeter and the other instruments has always 
been less than 2%. This confirms Lane’s results.3 
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FREQUENCY Gc/s 


Fig. 2.— Variation of input v.s.w.r. with frequency. 


(a) 8+2-12:4 Ge/s milliwattmeter. 
(b) 12:4-18 Ge/s milliwattmeter. 
(c) 26:5-40 Gc/s milliwattmeter. 


(3.2) Temperature Effects 


Experiments. were carried out on the effect of temperature 
changes on the resistance of the film. With the instruments 
placed in a thermostatically controlled oven and with a steady 
direct current passed through the film, the voltage drop across 
the film was noted as the temperature was raised from 15° to 
70°C. Any change in voltage was found to be less than 1%. 

The deflection of a galvanometer connected to the ‘R.F. 
Power’ terminals was also noted. With a current passing through | 
the film corresponding to a power dissipation of 6mW, changes’ 
of 5% of the galvanometer deflection were observed. With the 
current switched off the galvanometer still indicated a small 
deflection at some temperatures. This is due to differential 
thermo-electric voltages between the two thermocouples and 
also to additional e.m.f.’s set up at the connections between the 
galvanometer leads and the ‘R.F. Power’ terminals. Since the 
resistance of the film does not alter, these small e.m.f.’s must be 
largely responsible for the changes in deflection with the current 
on. The effects are difficult to eliminate, but there has been a 
tendency over very long periods of stable temperature conditions 
for these small voltages to decrease in magnitude. In practice, 
for powers up to 100mW the percentage error will decrease as 
it is not a function of the power dissipation in the film. Even in 
the 1-10mW region, errors of less than 3°% would be obtained 
up to a temperature of 40°C by using the instrument calibrated” 
at 20°C. Owing to the nature of the construction of the 
oven it was impossible to check the microwave performance 
with temperature. Since the d.c. resistance does not vary one 
would expect the input v.s.w.r. to remain constant. This was 
indeed observed by measuring the v.s.w.r. of the instrument 


| 
| 
“quickly after it had been withdrawn from the oven at a tem- 


(4) A ROBUST MILLIWATTMETER 


For strenuous or field applications the use of a glass vane may 
| hot be acceptable or convenient. A more robust form of the 
jmilliwattmeter has been developed for a special purpose and for 
‘single-frequency operation. In this instrument the glass vane 
is replaced by a piece of resistance card. Standard resistance 
card of 200 ohms per square has been found to be most suitable, 
since a piece of about the same height and width as the glass vane 
has a resistance near 500 ohms. The card is mounted as in the 
ce version, electrical contact being made to each end by 


depositing silver from a solution of silver in alcohol. The 
/required length of uncoated card is obtained by using a mask in 
a somewhat analogous manner to the glass-vane case. The 
tunable piston is replaced by a soldered short-circuit at the 
‘correct distance behind the strip. 
/ Measurements on this type of milliwattmeter with a single 
| thermocouple junction attached to the film indicate that the 
sensitivity is only about 70% of that of the glass-vane type. 
‘This is probably due to the relatively thick (0:014in) card, 
which absorbs some of the heat. To overcome this, two thermo- 
‘couples in series have been attached to the centre of the strip, 
one above the other but not in contact. Using this arrangement 
the sensitivity has been effectively doubled. With the same 
galvanometer as used earlier the time-constant of this mount 
was measured as 22sec. This is higher than with the glass vane 
owing to the longer period required to heat the thermal mass 
of the card. Comparison of this type of milliwattmeter with the 
glass-vane instrument has shown an equivalent accuracy. 
| Experiments have been carried out using carbon films deposited 
/on a Bakelite base 0:005in thick. This device in conjunction 
with a single thermocouple had a time-constant of 17sec and a 
| sensitivity similar to that of the glass-vane instrument. 
Temperature measurements similar to those described in 
Section 3.2 were carried out on the card milliwattmeter. The 
‘resistance was found to vary with temperature, a maximum 
| change of 4% being noted at 70°C. In terms of v.s.w.r. this 
effect is not appreciable, and hence the accuracy is not greatly 
_ affected. 


(5) MILLIWATTMETERS FOR HIGHER FREQUENCIES 


(5.1) 12-4-18 Ge/s Milliwattmeter 


| A milliwattmeter for the frequency band 12:4-18Gc/s has 
been designed. This mount is constructed in waveguide No.18 
(0-622 x 0-311 ini.d.) and is substantially a scaled-down version 

_ of the lower-frequency model, as shown in Fig. 3. The vane is 
narrower and the resistive film across the guide is shorter to 
conform with the lower height of the guide. The construction 
is very similar, and since the various holes in the guide for 
thermocouple wires and the vane are of much the same size as 
in the lower-frequency case, larger power losses may be expected 
here. The non-contacting short-circuiting plunger may also be 
expected to have larger losses at these frequencies. The losses 
were investigated by measuring the small v.s.w.r. of the mount 
with the resistive element replaced by a plain glass vane. The 
method is that of Roberts and Von Hippel.> Table 1 shows 
the results obtained at three frequencies in the band. The highest 
loss is 5% and the loss is smaller at mid-band. 

Fig. 2(b) shows the v.s.w.r. performance of the completed 
mount for optimum micrometer settings. It will be seen that 
the v.s.w.r. does not fall below 0:8. The d.c. resistance of the 
vane was 495 ohms, The calculated values of the wave impedance 
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Fig. 3.—Comparison of dimensions. 
(a) 8-:2-12:4Gc/s milliwattmeter, 


(6) 12-418 Gc/s milliwattmeter. 
(c) 26:5-40 Gc/s milliwattmeter. 


Table 1 


LossEs IN 12:4-18 Gc/s MILLIWATTMETER 


Power loss, 
percentage of incident 
power not reflected 


Frequency 


Ge/s 
13-0 
15:0 
17-0 


in this waveguide for the full frequency range vary from 440 
to 610 ohms. 

The sensitivity performance is slightly better than that of the 
lower-frequency instrument. Since the vane in this case is of 
smaller dimensions the final stable temperature reached for the 
same input power will be higher than in the case of the larger 
instrument. 

A comparison of the performance of this milliwattmeter was 
made against an ordinary commercial thermistor mount. Power 
levels were first set up on a bench using the resistive-film instru- 
ment. Then the milliwattmeter was removed and the bench 
terminated by the thermistor mount, which was connected to a 
measuring bridge. Table 2 shows the power level indicated by 
each instrument at the same frequency. Corrections for the 
v.s.w.r. of the thermistor mount were made. Since the losses 
in the milliwattmeter mount are modified by the presence of the 
resistive film, no correction for these could be made with cer- 
tainty. Even so, it will be seen that the milliwattmeter shows a 
higher power level at most frequencies, indicating a higher 
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Table 2 


COMPARISON OF 12:4-18 Gc/s MILLIWATIMETER WITH A 
THERMISTOR MOUNT 


Power measured 


Frequency 


12:4-18 Ge/s Thermistor 


milliwattmeter 


accuracy than that of the thermistor mount. It is intended to 
compare the performance of the milliwattmeter with that of a 
more reliable device such as an enthrakometer® or a water 
calorimeter. 


(5.2) 26-5-40 Gc/s Milliwattmeter 


A prototype milliwattmeter for the band 26-540Gc/s has 
also been designed. The mount is constructed in waveguide 
No. 22 (0:280 x 0-140in i.d.) and is again a further scaling- 
down of the sizes used in the lower-frequency cases. The 
dimensions are given in Fig. 3. The glass vane in this case would 
have been so narrow, 0-050in, that it was impossible to manu- 
facture. Instead, an attempt was made to deposit the required 
narrow resistive strip on to a glass piece whose width was 0-11 in, 
the same as for the 2cm milliwattmeter. This has failed owing 
to the difficulties involved in the technique of evaporating the 
film on to the glass and keeping it within desired resistance 
limits. In future it is hoped to deposit a carbon layer on to a 
0-004 in Bakelite strip, as described in Section 4, and experiments 
into the feasibility of this construction are under way. Mean- 
while, an ordinary strip of resistive card has been cut down to 
the required width from 200-ohms-per-square sheet. This has 
been treated and mounted in the waveguide as described earlier. 
To keep losses low, the card has been pared off at the rear non- 
resistive side so that the overall thickness is 0-CO5in. Fig. 2(c) 
illustrates the variation of v.s.w.r. with frequency for optimum 
micrometer setting. This falls below 0-8 only at the extremes 
of the band. For this frequency range the wave impedance of 
the guide varies from 450 to 660 ohms, and the d.c. resistance of 
the element in the guide is 609 ohms. When the mount using a 
resistive film mounted on a Bakelite strip is constructed it will 
be compared with the other power-measuring instruments. A 
comparison of the existing mount with a thermistor mount has 
been made, and this shows an equivalent acctiracy over most of 
the band. There are discrepancies at the ends of the band, but 
it is hoped to eliminate these with the new strip. The results are 
given in Table 3. The thermistor mount was fully corrected for 
v.s.w.r. and power losses. 


Table 3 


COMPARISON OF 26:5-40GC/s MILLIWATIMETER WITH A 
THERMISTOR MOUNT 


Power measured 


Frequency 


26-540 Ge/s 
milliwattmeter 


Thermistor 


(6) CONCLUSIONS 


The developments described have confirmed Lane’s results| 
for 3cm wavelengths and have shown that the frequency rang¢) 
can easily be extended to cover 8-2-12:4 Ge/s. 
with the resistive-film milliwattmeters indicate that this method) 
of measurement of microwave power is superior to the normally, 
used thermistor-mount methods both in accuracy and in ease 0} 
use and calibration for wide-band operation. Although ar) 
instrument for the frequency band 18-26-5Gc/s has not beer) 
described here, a suitable design based on the principles give C| 
above could be made if required. 
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SUMMARY 

| The directional aerial described employs a corner reflector excited 
i a four-tier slotted cylinder. It was used during a series of test 
transmissions in Band V (610-960 Mc/s) which required an aerial 
i apable of withstanding severe climatic conditions for long periods 
 yithout attention. 
_ A design suitable for operation at 900Mc/s is described; the 
neasured results include admittance characteristics and radiation 
)jatterns in the horizontal and principal vertical planes. 


t (1) INTRODUCTION 


- The paper describes a transmitting aerial which was developed 
lor propagation tests employing horizontal polarization in 
‘Band V (610-960 Mc/s). The tests were conducted by radiating 
from a fixed site towards a number of receiving stations arranged 
along approximately the same radial from the transmitting 
station. To simplify the selection of receiving sites, the beam- 
‘width of the transmitting aerial in the horizontal plane was 
jrequired to extend approximately 40° between the half-power 
points. The aerial was required to withstand rigorous climatic 
conditions (including snow and ice formation) for long periods 
without inspection. 

| Other features of the aerial specification are summarized 
below. 

| (a) The power gain to be not less than 15 dB relative to a half-wave 
dipole. (This implies a half-power beamwidth in the vertical plane 
of about 12° in order to satisfy the beamwidth requirement in the 
horizontal plane.) 

(b) The standing-wave ratio of the aerial referred to 70-ohm 
coaxial feeder to be better than 0-9 at the specified frequency. 

(c) The aerial to be capable of radiating the output of a trans- 
mitter which can be modulated either with square waves having a 
mean power of 50 watts, or with 0-Smicrosec pulses having a 
repetition frequency of 1 kc/s and a peak power of 10 kW. 

(d) The performance to be unaffected by the presence of the 
supporting mast and to show a minimum of change due to snow 
and ice formation. 


The aerial to be described fulfilled this specification at 900 Mc/s. 


(2) THE DESIGN OF THE AERIAL 
(2.1) Preliminary Considerations 


The required directivity could have been achieved with an 
array of Yagi acrials, but this arrangement was not used because 
of difficulties of feeding and de-icing. It was decided instead 
to use an aerial incorporating a reflecting surface which, with a 
polythene cover over the aperture, gives protection from the 
weather. A plane-sided reflector was adopted; parabolic and 
cylindrical reflectors were considered, but they would have been 
More difficult to manufacture and they appeared to offer no 
great advantage. 

When a plane-sided, or corner, reflector is excited by conven- 
tional electric dipoles, it is usual to orient the reflector apex 
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parallel to the axis of the dipoles.1_ Since horizontally polarized 
waves were specified, this form of excitation would have required 
mounting the reflector apex horizontally. With this arrange- 
ment, however, the required vertical directivity could not {be 
conveniently achieved. It was therefore decided to mount the 
reflector with its apex vertical and to excite it with the equivalent 
of an array of magnetic dipoles—a slotted cylinder. With this 
arrangement it was found experimentally that the requirements 
could be satisfied by a corner reflector 4:6. high and 1-17A wide. 


(2.2) Description of the Aerial 


An outline drawing of the aerial with its polythene cover 
removed is shown in Fig. 1. It consists of a 45° corner reflector 


ae Tar | 


essa a AUP ca 


Fig. 1.—Aerial with cover removed. 


with closed ends which support the exciting element. To ease 
the problem of mounting the aerial on a mast the apex of the 
corner is truncated; this has been found! to have a negligible 
effect on the radiation pattern. 

For maximum power gain, the slotted cylinder should extend 
over the full length of the corner reflector, and the voltage 
across the slot should be constant in amplitude and of the same 
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Fig. 2.—The slotted cylinder. 


phase along its length. A good approximation to this con- 
dition may be obtained by dividing the slot into a number of 
sections driven equally at their mid-points. 

A slotted cylinder can be considered as a balanced transmission 
line loaded by distributed shunt inductance.2 It behaves in a 
manner similar to a waveguide, with a critical (or cut-off) fre- 
quency. The effect of the distributed shunt inductance may be 
modified and controlled by the addition of capacitance plates 
placed along the length of the slot. In this way a centre-driven 
slot of any length may be made to have an electrical length 
corresponding to half-wave resonance. Each slot used in the 
aerial is 0:915A long; four such slots are used to excite the 
reflector. Capacitance plates are fitted which extend over a 
length of 0-31 on each side of the central drive-points. 

Fig. 2 shows the general arrangement of the slotted cylinder. 
It contains a tube which is split at its mid-point and which itself 
contains a coaxial cable, shorn of its outer conductor. The 
generator is effectively connected across the gap at the mid-point 
of the inner conductor, through a series compensating stub to 
be described later. Equal co-phased slot voltages are established 
by radial tapping probes attached to the tube at intervals of one 
wavelength, the probes being connected to opposite sides of the 
slots in the upper and lower halves of the aerial. 

The tube is supported by Distrene spacers; its ends are ter- 
minated by short-circuits to the inner wall of the cylinder A/4 
beyond the outermost probes. The cable inside the tube is 
connected to the feeder by a socket at the lower end of the 
cylinder. The inner conductor of the cable is not connected 
directly to the further half of the tube but is continued across the 
break to the end of the cylinder to form a series-impedance 
compensating stub. The admittance compensation of this 
arrangement is analogous to the impedance compensation of a 
shunt-connected stub applied to a half-wave dipole; its use also 
has the advantage that no soldered electrical connection is 
required at the mid-point of the inner tube. The end of the 
compensating stub protrudes from the end of the cylinder, where 
it is readily accessible, and from this point it continues with its 
original outer braiding. It is terminated in a short-circuit; its 
length is chosen to give the required overall reactance compensa- 
tion and a good overall admittance match. Intermediate admit- 
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tance correction is achieved by adding shunt capacitance t¢ 
the inner conductor on each side of the centre spacer, ij 
the form of cylindrical sleeves. The equivalent circuit is sho 
in Fig. 3. 


COMPENSATING STUB 


MATCHING 
ELEMENTS 


S.C. 


pe ee 
Fig. 3.—Equivalent circuit of the feeder system. 


The coaxial cable used is Uniradio No. 32; this limits the 
mean power-handling capacity of the aerial to 70 watts ai 
900 Mc/s. A simple modification would enable Uniradio No. 1 
to be used whereby the mean power rating could be increaseé 
to 230 watts. 

The slotted cylinder and the metal components of the feeder 
system are silver plated. The corner reflector is made of 4 
weather-resisting aluminium alloy. A sheet of black polythene. 
4in thick, is secured over the aperture to weatherproof the 
interior. 


(3), RADIATION PATTERNS AND GAIN 
(3.1) Horizontal Radiation Pattern 


Preliminary horizontal radiation pattern (h.r.p.) measurements 
were made using a single slot in an open-ended corner reflector. 
Experiments were carried out to determine: 

(a) The required angle between the sides of the reflector. 

(b) The side dimensions. 

(c) A suitable range of spacings between the slotted cylinder anc 
the apex of the reflector (the reflector was not truncated at thi: 
stage). 

These parameters were found to be interdependent to some 
extent, but a set of values was arrived at for which the dimensions 
were not critical. 


Measurements of h.r.p. were made with the slot both facing 
the apex and facing the aperture. Asa result of these preliminary 
tests it was decided to use a slotted cylinder of 0-14A diameter, 
mounted with its slot facing the aperture of a reflector having 
sides 1-25A wide and an included angle of 45°. The h.r.p. was 
found to show little change if the spacing between the axis of 
the cylinder and the apex of the reflector was varied between 
0-4\ and 0:6\. The final position of the cylinder within the 
teflector was determined later as a result of admittance measure- 
‘ment. The h.r.p. ultimately achieved is shown in Fig. 4. 
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| Fig. 4.—Horizontal radiation pattern of the 900 Mc/s aerial. 


| (3.2) Vertical Radiation Pattern 


! The vertical radiation pattern (v.r.p.) in the forward direction 
| is very similar to that of an array of collinear half-wave dipoles 
| having the same spacing as the slots. It was found that the 
| original specification could be satisfied by four slots with their 
| centres spaced 1-O\ apart. Fig. 5 shows the v.r.p. measured 
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Fig. 5.—Vertical radiation pattern of the 900 Mc/s aerial. 


o—o—o Measured v.r.p. 4 
------ Theoretical v.r.p. of four collinear 4/2 dipoles spaced at 1:0A (0 < 8 < 90°), 


at 900 Mc/s; for comparison the theoretical pattern for four 
collinear half-wave dipoles with similar spacing is also shown. 

The addition of metal plates to the top and bottom of the 
reflector was found to have only a small effect on the v.r.p. 
These plates provide a convenient mechanical support for the 
slotted cylinder and also assist in protecting the aerial from the 
weather. 

(3.3) Gain 

To compute the aerial gain exactly would have required 
radiation-pattern measurements in several planes. It was 
sufficiently accurate, however, to estimate the gain in the follow- 
ing way, using measurements made in only two planes. The 
Zain, relative to a half-wave dipole, which the aerial would 
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have if excited by one slot was taken to be the ratio of the 
maximum field to the r.m.s. field of Fig. 4. To this was added 
the gain of four collinear half-wave dipoles having the same 
spacing as the slots. This is justifiable because the v.r.p. of 
the complete aerial, at all bearings, would be sufficiently similar 
in shape to that of four collinear half-wave dipoles in free space. 
This gives the intrinsic gain of the aerial; the net gain is slightly 
less on account of loss in the coaxial feeder system inside the 


tube. The net gain was deduced as follows: 

dB 

Estimated gain of aerial if excited by one slot, 9-3 
relative to a A/2 dipole 

Theoretical gain of 4 collinear dipoles spaced 1:0A, 6:5 
relative to a A/2 dipole 

Intrinsic gain, relative to a A/2 dipole oe con, Levees 

Loss in coaxial feeder system a Ry, eee On, 

Net gain, relative to a A/2 dipole 151 


The gain of the aerial made for use at 900Mc/s was not 
measured, but a similar estimate of gain made for a later aerial, 
modified for use at 774Mc/s, agreed with the measured value 
to within 0-4 dB. 


(4) ADMITTANCE 


The parameters available for admittance matching were 
(a) variations in the distance of the slotted cylinder from the 
apex of the corner reflector, (6) changes of slot length and 
width, (c) addition of distributed capacitance between the slot 
faces, (d) addition of cylindrical sleeves to the inner tube of the 
slotted cylinder on each side of the centre spacer, and (e) varia- 
tion in the length of the series compensating stub. 

The presence of the reflector modified the input admittance of 
the slotted cylinder. With the slot dimensions shown in Fig. 2, 
a satisfactory admittance characteristic was achieved when the 
cylinder was mounted with its axis 0-6 from the apex of the 
reflector. With this spacing the radiation-pattern requirements 
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Fig. 6.—Input admittance of the 900 Mc/s aerial. 


Figures against the points indicate frequencies in Mc/s. 
Admittance normalized to 14-0 millimhos, 
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were also satisfied. To improve the admittance characteristic 
the slots were fed via a series-connected stub, adjusted in length 
to provide the correct reactance compensation. 

The resulting input-admittance characteristic is shown in 
Fig. 6. 


(5) OPERATION AT OTHER FREQUENCIES 


Minor modifications can be made to the slotted cylinder 
which enable it to be used, in the same reflector, at other 
frequencies. 

The aerial described was later modified for use at 774 Mc/s 
by loading the internal feeder system with shunt capacitance in 
the form of polystyrene sleeves. This reduced the velocity of 
propagation within the cylinder and re-established a co-phased 
voltage distribution at the slots. The aerial was matched at 
774 Mc/s by adjusting the parameters discussed in Section 4. 
The net gain was necessarily less than at 900 Mc/s owing to 
the reduced aperture; the measured value was 13:4dB. 


(6) CONCLUSIONS 
The results show that the use of an array of slots as the 
exciting element for a corner reflector leads to efficient use of the 
reflector aperture. An aerial made to this design functioned 
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well in service; 
conditions. | 

It has been shown that simple modification to the slot loading 
and feeder system enables the aerial to be used at any frequency) 
within a frequency range of 1-16:1. If this range were} 
extended, an upper limit of 1- “S: 1 would be set by the dielectri 


its performance was unaffected by climatic} 


velocity within the cylinder. 
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SUMMARY 

After an initial discussion of short-term correlation functions the 
lesign and performance of an auto- and cross-correlator using Hall- 
/ffect multipliers are described. It is shown that these devices are well 
uited to act as the multiplying elements and as modulators in asso- 
jiated circuits, provided that one of the time functions to be multiplied 
las a narrow bandwidth. Examples of measured auto- and cross- 
sorrelation functions are given for sine waves and noise and for the 
sontrol signals of a vocoder, from which interesting conclusions can 


be drawn about the redundancy of vocoder signals. 


(1) INTRODUCTION 


In recent years the use of correlation techniques has grown 
and many correlators of differing design have evolved.!>? 
Recently, whilst studying speech-analysis systems, it was found 
desirable to provide a correlator to extract useful information 
from vocoder control signals. To this end, a correlator has 
been built which is suitable for analysing signals confined to the 
frequency band 0-100c/s. The correlator differs from its pre- 
decessors in using the direct multiplying action of a Hall plate, 
both in the multiplication unit and in modulators in subsidiary 
circuits. This has led to a very simple circuit design. 


(2) SHORT-TERM AUTO- AND CROSS-CORRELATION 


The general correlation function y,,(7) for two time functions 
g(t) and g,(t) is defined as 


eet ¢” 
Yas) = lim | eee —Ade . . . 


When g,(t) and g,(f) are different, the resultant function is 
termed the cross-correlation function, and when they are the 
same it is termed the auto-correlation function. 

The functions defined by eqn. (1) are very useful mathematical 
tools when solving circuit problems, but when making practical 
correlation measurements some modified definition is required, 
since 7 must then be finite. There are two practical possi- 
bilities: either a continuous analysis can be made of live signals; 
Or an analysis can be made upon signal samples of finite length 
repeated periodically. These possibilities lead to two different 
definitions for short-term correlation functions. 

When a continuous analysis is performed, the short-term 
correlation function 4,, is a function of both 7 and ¢. With 
a perfect integrator integrating over the previous JT; seconds, 
the short-term correlation function is 


Molt 1) = FI et elma... 


Ty 
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In practice, perfect integrators are never available, and imperfect 
integrators consisting of inductance-resistance or resistance- 
capacitance networks are commonly employed. When the input 
to such an integrator with time-constant T; is g,(t’)g,(t’ — 7), 
the output is 


Nt, 2) = ae Balt )e,(t — 7) exp(“ a T 


(3) 


This will be termed the weighted short-term correlation function. 

When a repeated analysis is made, the correlation function 
then applies to periodic functions g/(t) and g,(r), each having 
period T,. With a perfect integrator, integrating over a period 
T, > T), the short-term correlation function is 


pas(T) = oa i . At’ )gg(t’ — 7)dt’ (4) 
ab igh ine 8p Ay ie 


provided that + < JT, and end-effects can be ignored. If an 
imperfect integrator of the type already mentioned is used and 
the time-constant T; is not very much greater than 7>, ¢,, is a 
periodic function of ¢ with period T,. Within the period between 
t = 0 and 75, the modified short-term correlation function can 
be defined as: 
ot \ 
ie )at 


Be aaa 


: Be Petey) 
Outs) = all ga(t' )ge( 


2a’ |. ©) 


T2 pee 
+ | gc )es(e' — 7) exp ( 
0 qT, 


which simplifies to 


exp (—t/T)) 
— exp (—T)/T,)] 


Par(Ts t) fae ret 


| i galt’ ex(t’ — 7) exp (=) dt’ 


L )ar | (6) 


As has already been pointed out $/,(7, f) is periodic in t. To 
distinguish it from A’(7, 1), the function ¢’(7, f) will be referred 
to as the periodic weighted correlation function. 

It can be seen from eqn. (6) that when 7; > T, the periodic 
component is small. The correlator to be described later per- 
forms an integration of the form shown by eqn. (6), and $;,(7, t) 
is displayed as an instrument reading. It is convenient when 
measuring $,,(7, ¢) over a range of 7 to keep ¢ fixed, and the 
simplest value to choose is t= T,. Eqn. (6) then simplifies to 


T2 , 
/ / , Y t Fe 
ag i) g(t’ e,(t’ — 7) exp (= 
t 1 
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(2.1) Requirements of Practical Correlator 


From eqn. (1) it can be seen that a practical correlator has 
three functions to perform: it must store and delay one input 
signal; it must multiply this delayed signal by another undelayed 
signal; and it must integrate the product. The effect upon 
correlation measurements of finite integration time and imperfect 
integrators has already been discussed, and it can be seen that, 
using a simple integrator, a meaningful weighted correlation 
function can be obtained, and therefore integration presents no 
difficulties. The delay of one signal with respect to the other is 
most easily obtained by the use of magnetic-tape storage and is 
a standard technique. The main difficulty in designing a corre- 
lator is in the multiplication prior to integration. 


(2.2) Choice of Multiplier 


There are many forms of multiplier available, most of which 
are complicated and operate in an indirect manner.!~3 In recent 
years a well-known device which performs a direct multiplication 
has become a practical possibility as a multiplier element. This 
is the Hall plate, which gives an output proportional to the 
product of a flux density and a current.4 With earlier Hall-plate 
materials the power available from a Hall multiplier was very 
small, but with the advent of new compounds such as indium 
antimonide it is now possible to get high conversion efficiencies, 
and a Hall multiplier can supply an integrator directly without 
intervening amplifiers. 

The obvious advantage of the Hall multiplier is its extreme 
simplicity, but it has countervailing disadvantages. The first of 
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correct sequence. 
cal ices gs Pa fe P vires RECORD = The storage and delay unit contains a closed loop of standard} 
HEAD 1 HEAD 1 4in tape and two tracks are in simultaneous use, one for each) 
T channel. Three heads—erase, record and replay—are used for| 
each track, making a total of six. Of these one of the replay) 
ts heads is movable along the tape and provides a variable delay.| 
CARRIER |: ouresurbe ee a In the output unit, signals from the replay heads in the tape} 
SOURCE es unit are amplified and demodulated in separate channels. The 
=) resulting low-frequency signals are fed, through d.c. amplifiers, 
i to the Hall multiplier, after which the integration of the product 
1 is combined with its display in a heavily damped galvanometer.} 
INPUT 2 RECORD ERASE When measuring periodic weighted correlation functions, the} 
pisctedider peach ers beg ete at 18 HEAD 2 - HEAD 2 waveform to be analysed is recorded on the tape and the value) 
of 7 is set by moving the adjustable replay head. The value} 
recorded for the correlation function is then the reading of the) 
Fig. 1.—Recording system. galvanometer at the end of a complete tape traverse, i.e. 6’(7, Ty). 
REPLAY HEAD A.C. AMPLIFIER DEMODULATOR [P+ PIETER D.C. AMPLIFIER 


these is that magneto-resistance, feedback within the device and} 
technological imperfections lead to some errors in multiplication. } 
These have been discussed in detail elsewhere,° and it is sufficient} 
at the moment to say that the overall error can be kept to less} 
than 2%. Another disadvantage is that one of the variables} 
must be represented by a flux density. This means that, if one} 
of the input signals contains frequencies from zero upwards,| 
there is a severe limitation imposed on the permissible upper 
frequency, since stored energy must increase directly with] 
frequency. In the present context, when designing a correlator} 
to operate on vocoder control signals, this latter disadvantage} 
is not serious since the vocoder control signals do not contain} 


components at frequencies above 25c/s. 


(3) CORRELATOR DESIGN : 
The correlator which has been constructed to analyse vocode | 


the storage and delay unit and the output circuits. 
the low frequencies involved, direct recording of the vocoder} 
control signals on the tape is not feasible, and an a.m. system) 
is used with a carrier frequency of 2kc/s. Twin channels are 
employed for all stages preceding the multiplier. Diagrams of) 


and subsequent to the replay heads are shown in Figs. 1 and 2.) 
In the input unit, the signals to be analysed first modulate 2 


recording heads in the storage and delay unit. | 
also contains a bias-erase oscillator for the tape system, and 4 
recording control circuit which switches the input circuit in the} 
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Fig. 2.—Replay system. 


APPLIED TO THE ANALYSIS OF VOCODER CONTROL SIGNALS 


Special care has been taken to reduce errors in the multiplier. 
) keep non-linearity due to magneto-resistance to a minimum, 
e Hall plate is fed from a high-current amplifier of relatively 
sh output impedance® and a similar mismatch is introduced 
tween the Hall-plate output and the integrating galvanometer. 
1¢ Hall plate is mounted in the air-gap of a ferrite pot-core 
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Fig. 3.—Hall-plate lead arrangement. 
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Fig. 4.—Correlograms for sine waves. 


(a) Auto-correlogram for 15c/s signal. 

(b) Auto-correlogram for 2Sc/s signal. 

(c) Cross-correlogram for 50c/s signal. 
Balt) = — go(t) 
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assembly,’ and magnetic coupling between the two inputs and 
the output is minimized by using a lead arrangement as shown 
in Fig. 3. To remove the unbalance output in the absence of 
an input to the field, a Kuhrt balancing network? is used. 


(4) EXAMPLES OF CORRELATION ANALYSIS 
The correlator has been used to measure the periodic weighted 
auto-correlation function for sine waves, for noise and for sine 
waves plus noise. The measured correlograms are shown in 
Figs. 4, 5 and 6 and correspond to what can be predicted by 
mathematical analysis. They indicate the reliability of the 
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Fig. 5.—Auto-correlograms for envelope detected noise. 


(a) Original noise bandwidth, 16c/s. 
(6) Original noise bandwidth, 32c/s. 
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Fig. 6.—Auto-correlogram for envelope detected carrier plus noise. 
R.MLS. carrier equal to r.m.s. noise. Original noise bandwidth, 32c/s. 
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Fig. 7.—Auto-correlogram for vocoder control signal when input is 
white noise. 
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Fig. 8.—Auto-correlograms for vocoder control signals. 


(a) ‘Lah’ on channel 5. 
(6) ‘Oi on channel 7. 


correlator. The quantity plotted in these diagrams is the 
normalized correlation function [¢/,(7)/¢,,.(0)], where the time 
of measurement, T>, is implied. 

Finally, some preliminary measurements of both auto- and 
cross-correlation functions for vocoder control signals have been 
made and are shown in Figs. 7, 8 and 9. A more detailed 
study of such correlograms is now being made, but some con- 
clusions can be drawn from the preliminary measurements. The 
correlogram in Fig. 7 is for a random-noise input to the vocoder 
with a pass band of 25c/s for the derived control signal. It 
can be seen that the correlograms for speech inputs are much 
less sharp than that for the noise input. This indicates that, 
for the sounds analysed, the control-signal power spectrum 
occupies a bandwidth considerably less than the 25 c/s commonly 
accepted as necessary. Another conclusion can be drawn from 
the cross-correlation measurements, namely that there is still 
considerable redundancy present in vocoder signals. This can, 
of course, be inferred from the high channel capacity required 
by vocoder signals, but it is hoped that further study of correlo- 
grams may reveal how some of the remaining redundancy can 
be removed. Of particular interest amongst the correlograms 
already measured is that of Fig. 9(c), which shows a pronounced 
delayed correlation. 
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Fig. 9.—Cross-correlograms for vocoder control signals. 


(a) ‘Lah’, channels 2 and 5. 
(6) ‘Oi’, channels 2 and 7. 
(c) ‘Joe’, channels 2 and 10. 
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DIFFUSION OF SOUND IN SMALL ROOMS 
By K. E. RANDALL, Graduate, and F. L. WARD, B.Sc., A.Inst.P., Associate Member. 


(The paper was first received 13th January, and in revised form 1st April, 1960.) 


SUMMARY 


The paper describes an investigation of some problems of sound 
ffusion in rooms, with particular reference to small sound and tele- 
sion studios. The experimental work shows that it is possible to 
easure the degree of diffusion in a room by fairly simple practical 
chniques. Quantities based on the frequency variation of reverbera- 
m time and double reverberation decay constants are the most 
‘omising for use in small broadcasting studios. 

It is also shown that uniform distribution of absorption can be as 
fective as other means of attaining conditions of good diffusion. 
ectangular diffusers are particularly effective in improving conditions 
here the distribution of absorption is poor. 


{ 


(1) INTRODUCTION 
(1.1) Significance of the Term ‘Diffusion’ 


Experience shows that a number of undesirable subjective 
fects in broadcasting studios are associated with an inadequate 
egree of diffusion. A sound field is defined as being com- 
letely diffuse if it has uniform energy density within the region 
msidered and if the directions of propagation at any arbitrarily 
lected points are wholly random in distribution. Although 
erfect diffusion is thus identifiable theoretically, there is no 
snerally accepted method of describing quantitatively a state 
f diffusion which falls short of perfection. A previous paper 
as dealt with some of the aspects of this problem.! 

The importance of a knowledge of the state of diffusion lies 
i the fact that reverberation formulae, e.g. those of Sabine and 
yring, assume perfect diffusion ina room.” Experiments have 
10wn that in normal rooms of reasonable size and for wave- 
mgths appreciably smaller than the dimensions of the room, 
ie formulae are in general valid. The most important use of 
ese formulae in broadcasting is to enable the behaviour of 
n absorbing material in a studio to be predicted from its 
ehaviour in a reverberation room. Since there have been cases 
here such predictions have proved to be inaccurate, an examina- 
on of the mechanism of diffusion is important for this reason 
lone. The work described was carried out under laboratory 
onditions, but attention has been directed throughout to finding 
ractical means for investigating studios where time is limited 
nd apparatus must be easily portable. 

The term ‘diffuse’ refers to the sound field itself but the term 
liffused’ is used to describe a room where, in the frequency 
and under consideration, the sound field attains a high degree 
f diffusion. The term ‘diffuser’ is used to describe a rigid 
bject possessing a negligible sound-absorption coefficient fixed 
) a flat surface of a room so as to change the shape of the 
irface. 

A room can be considered as a system having a large number 
f modes of resonance within the audible frequency range. The 
xcitation of each mode is determined by the position of the 
durce of sound in the room and its frequency, whilst its damping 
| determined by the absorbing power of the surfaces associated 
‘ith it. The absorption taking place in a given surface material 
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will depend, among other factors, on the orientation of the 
surface with respect to the wavefront. 

A pure tone present in a room excites a number of modes. 
The excitation of a particular mode decreases as the frequency 
interval between the tone and the resonance frequency of the 
mode increases; in practice, therefore, the number of modes 
contributing significantly is limited. The intensity level of sound 
in a room is at ail times the vector sum of the modal responses 
and the exciting tone. 

It is customary in the study of the transient (reverberant) 
response of a room to observe the effect of switching off a steady 
tone. It should be noted that before switching off, the frequency 
of oscillation, i.e. the forced oscillation, is that of the exciting 
tone, but at the instant of cut-off each of the modes of the room 
has associated with it an immediate response in the form of a 
decay of tone at its own modal frequency. 

The resultant decay follows an approximately exponential 
law where there are a large number of equally excited and equally 
damped modes substantially sharing the sound energy: there are, 
however, beats between the modes which are energized at different 
frequencies, resulting in a modulation of the envelope of the 
sound decay. 

It is convenient at this stage to consider the logarithm of the 
sound pressure level, i.e. to use a decibel scale. When this is 
done, a sound decay which is exponential with respect to time 
becomes a straight-line decay, and oscillations in the exponential 
envelope appear as oscillations about a mean straight line. In 
the same way changes of exponential decay constant during the 
decay appear as changes in slope of the straight line; when the 
changes are gradual the line exhibits a curvature. 

Thus, while modulations of the straight-line decay occur as a 
result of beats between different modes, double-slope or curva- 
ture effects may be evident where the component modes do not 
all have the same damping coefficient. As the number of 
contributory modes increases, the beats become less evident 
and curvature effects disappear, because the shape of the decay 
tends to be controlled by the more lightly damped modes. The 
decay thus tends to become linear. 

It should be noted that a pure straight-line decay may also 
correspond to the excitation of asingle mode. This extreme case 
cannot occur in a room, although conditions approaching it do 
occur when the modes are so widely separated in frequency that 
contributions from adjacent modes are negligible. It is impor- 
tant to distinguish between this type of straight-line decay and 
that described above. 

In the treatment above, we have described the sound field in 
a room in terms of a system of modes. Using this concept we 
are led to the conclusion that perfect diffusion is obtained only 
when the sound energy in the room is carried equally by an 
infinite number of modes. Although unattainable in practice, 
this idea is useful as a norm in assessing the degree of diffusion. 


(1.2) Mechanism of Diffusion and Steady-State Characteristic 


Resonance arises as a result of successive reflections of sound 
waves from the room surfaces. The frequencies of the modes of 
resonance are determined by the time delays between reflections 
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and hence by the geometry of the room. Where the absorbing 
materials are purely resistive and of negligible depth, the modal 
frequencies can be only slightly affected by the distribution of 
absorption over the surfaces. The sound energy associated 
with each mode, however, will be governed by the absorption 
coefficients of the surfaces involved in its development. In 
general, it can be expected that the most uniform distribution 
of energy between the modes (implying the most uniform 
distribution through the room) will occur when the absorption 
coefficient is the same over all the surfaces, because otherwise 
energy will be concentrated into particular modes. The term 
‘intrinsic’ is used, for the purposes of the paper, to describe the 
degree of diffusion attained under these conditions. 

A lower degree of diffusion for a given frequency region will 
naturally be obtained if the distribution of absorption is poor; 
an appreciably higher degree can be achieved only by changing 
the shape of the room in some way. A change in the ratio of 
dimensions may improve the diffusion in a particular frequency 
region, although possibly at the expense of another part of the 
audio spectrum. Irregularities introduced into the walls, such 
as rectangular or other projections, improve the degree of 
diffusion by separating the modes into a larger number of 
components. 

The above considerations may be summarized in the statement 
that in a given room, where the walls are plane and absorption is 
not perfectly distributed, the degree of diffusion can be improved 
up to a maximum intrinsic value by improving the uniformity of 
the average absorption between the surfaces. Irregularities in 
the walls, such as are provided by artificial diffusers, are the 
only means by which the degree of diffusion may be increased 
beyond this value. 

This simple exposition ignores effects due to diffraction occur- 
ring, for example, at the edges of patches of absorber and the 
edges of diffusers. Such effects imply a change of shape of the 
wavefront and will increase the degree of diffusion to a small 
extent because the direction of propagation of part of the energy 
is altered. 

The importance of this factor cannot be accurately assessed 
until further work has been carried out. In the work described 
the possibility of diffraction effects was borne in mind and the 
experiments were so devised that as far as possible any such 
effects would not invalidate the conclusions. 

A study of the steady-state frequency response of a room is 
perhaps the most obvious line of attack for finding a measure of 
the state of the sound field, as the peaks in the response can be 
related directly to the resonance frequencies of the modes. This 
has been used in earlier investigations.! 3 

When the source of sound is in one corner of the room and the 
receiver in another, the peaks of the steady-state response corre- 
spond to the mode frequencies, provided that the modes are 
clearly separated, i.e. if the room is small or the frequency low. 
As the frequency is increased and the modal separation therefore 
reduced, the picture becomes complicated by the contributions 
of adjacent modes. If a state of perfect diffusion existed the 
modes would not be identifiable in any way. 

Corresponding to the steady-state frequency response for any 
one point in a room, there exists a steady-state spatial distribution 
in the room for any one frequency. This might also be used as a 
diffusion indicator. 


(1.3) Measurements from Fluctuations in Decay Curves 


Beats in the envelope of a sound decay when tone has been 
cut off will tend to disappear as the degree of diffusion increases; 
an examination of the amplitude of these beats might therefore 
lead to some kind of diffusion index. Analysis of this type has 
indeed been used in the assessment of concert halls, and a 
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laboratory development of the method was the starting-pe 
for the present investigation. Although results from stud 
and concert halls and some simple laboratory experiments I 
shown promise, it was clear that a very large number of dec 
needed to be analysed before any reliable, repeatable resi 
could be obtained. For this reason an attempt was made 
develop an automatic method* for measuring a quantity 
defined as the modulus of the mean deviation in decibels of 
fluctuating decay curve from the best-fit straight line. 

The method showing most promise involyed measuring not 
factor D itself but a related quantity. For this purpos¢ 
modification of the equipment built for the measurement 
steady-state level irregularity was used. 

This equipment was based on a high-speed level recorder < 
measured the average amplitude of oscillations in the straig 
line decay. Readings of this quantity, called for convenie: 
the decay irregularity, were unfortunately very critically dep 
dent on the adjustments of the apparatus. Several room c 
ditions were investigated and it was found that, althor 
differences could be detected by very careful control of | 
conditions of the experiment, especially reverberation time, 
general these differences were of the same order as the ove! 
errors of measurement. 

The average values of the decay irregularity for three con 
tions are given in Table 1. These conditions were chosen 
represent the maximum ‘possible range of diffusion. 


Table 1 
RESULTS OF MEASUREMENT OF DECAY IRREGULARITY 
Condition Reverberation Decay 
time irregulai 
Room with rectangular diffusers 1-0 15-4 
Roomempty .. 1-8 16:9 
Room with absorption concentrated 0:9 19-0 


on one wall 


The differences between these conditions are not very lar 
although they are certainly significant. The highest de 
irregularity is obtained with a condition where a low degree 
diffusion must be expected and the lowest value where st 
have been taken to increase diffusion. In particular, the | 
value is lower than that for the empty room, which, hav 
uniformly distributed absorption, provides an example of a ro: 
with an intrinsic degree of diffusion. 

In practice, the technique just described appeared to be far 1 
insensitive for practical purposes and work on it was thereft 
discontinued. A new approach was made to the problem 
finding a practical diffusion index. It was decided to set 
conditions representing practical extremes of absorption distril 
tion and diffusion, and then to determine what correspond: 
changes had taken place in the sound field by examining all ' 
quantities which seemed likely to be affected by the degree 
diffusion, other than steady-state and decay irregularity alrea 
discussed. 

Following from the general concept of diffusion, seve 
properties of a perfectly diffuse sound field can be assumed: 


The frequency and spatial irregularities obtained from stea‘ 
state measurements will be negligible. 

There will be negligible modulation of the decay characteristics 
the form of beats over a wide range of frequencies. 

Decays will be perfectly exponential, i.e. they will be represen’ 
by simple straight lines on a logarithmic scale. 

The form of the decay will be independent of the measur 
position in the room. 

The character of the decay will not be critically dependent 
frequency. 

The character of the decay will be independent of the directio; 
component of velocity used for measurement. 
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The first two of these characteristics having already been 
tudied, attention was concentrated on the remainder of these 
roperties of a perfectly diffuse sound field. The first series of 
xperiments was restricted to a study of the average slope of the 
ecay, measured as reverberation time. 


(2) FIRST SERIES OF MEASUREMENTS USING 
REVERBERATION-TIME STATISTICS 


(2.1) Methods of Measurement and Analysis 


All tests were carried out in a tiled room approximating to a 
Oft cube. The prefix A will be used to refer to measurements 
arried out in this room. 

Pulses of tone were produced by a loudspeaker placed in one 
orner of the room. An omnidirectional microphone was con- 
ected through a microphone amplifier to a logarithmic amplifier 
nd thence to an oscillograph on which the sound decays could 
e photographed. Two types of record were produced, first 
vith warble and secondly with pure tone pulses. 

With warble tone pulses, the deviation was +10% and the 
varbling frequency 6c/s about each of seven frequencies from 
00c/s to 8kc/s. Fifteen microphone positions were used, 
istributed throughout the room and including three corner 
ositions. The total number of recorded decays was thus 105 
or each condition. 

With pure tone pulses, starting at each of four frequencies 
100c/s, 1kc/s, 1-4kc/s and 2kc/s), 26 pulses at 2c/s intervals 
yere recorded using a microphone placed in the centre of the 
oom. There were thus 104 decays for each condition. The 
hoice of 26 pulses covering a band of 50c/s was intended to 
rovide a sufficiently detailed exploration in the region of each 
requency while not extending so far as to involve any changes 
f mean absorption between the ends of the frequency band. 

The average slope of each of the decays was measured from 
he record and converted to reverberation time. In order to 
educe the effect of variations due to individual interpretation of 
he slope of a decay by a particular observer, each decay was 
feasured by two observers, the two readings being averaged in 
ubsequent computation. 

Two quantities were computed: 


(a) From the first record, a quantity P representing the 
ariation of slope with microphone position. This was the 
tandard deviation of the 15 individual decays at each frequency 
Xpressed as a percentage of their mean slope. 

(6) From the second record, a quantity F representing the 
ariation of slope with small arbitrary increments of frequency. 
‘his was the standard deviation of the 26 decays in each band, 
xpressed as a percentage of their mean. 


(2.2) Experiments on the Effect of Distribution of Absorbers 


The absorber used for all the experiments was a commercial 
roduct which gives efficient absorption from 500c/s upwards. 
he experimental conditions are shown in Fig. 1. In condition 
il, 65% of one wall was covered with absorber, the other 
urfaces being untreated; in condition A2, the same area of 
bsorber was divided into four sections and mounted on four 
f the six room surfaces; and in condition A3, one of the four 
sctions was removed, leaving one section on each of three walls 
wutually at right angles. 

Condition Al was intended to represent a condition of bad 
istribution of absorption, the distribution being much more 
niform in the other conditions. The reverberation-time plots 
re shown in Fig. 2, where it will be seen that, although the same 
mount of absorption has been used in the second condition, 
1¢ reverberation time is appreciably shorter, indicating a greater 
ficiency of absorption. It was thought possible that the 
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CONDITION Al CONDITION A2 CONDITION A3 


1, 


CONDITION A4 CONDITIONS AS 


AND A7 


CONDITION A6 


CONDITION A9 CONDITIONS AlOa 
AND AlOb 


CONDITION AS 


ABSORBING MATERIAL 
GH ODIFFUSER 


ZA REPLACEMENT ABSORBING 
MATERIAL 


Fig. 1.—Diagrams of room showing disposition of absorbing material 
and diffusers in various experimental conditions. 


Diagrams merely indicate various room conditions. They refer directly to room A, 
but conditions B8, B9 and B10 in room B were similar to A8, A9 and Ai0, 
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Fig. 2.—Reverberation time of room in experimental conditions 
Al-A4. 


absolute value of the reverberation time might influence the 
results. It was for this reason that condition A3 was introduced 
in an attempt to reproduce the reverberation time of condition 
Al while substantially maintaining the degree of distribution of 
condition A2. For comparison another condition, A4, where 
there was no added absorption, was also investigated. It may 
be assumed that in this condition the small amount of absorption 
remaining was perfectly uniformly distributed. 


(2.3) Results of Experiments with Absorbers 


The values of P and F for the four conditions are shown in 
Table 2 and plotted in Figs. 3 and 4. The values of P for con- 
dition Al, where the absorber is badly distributed, are generally 
appreciably greater than those for the other three conditions. 
The result of distributing the absorber (condition A2) is to 
reduce the value by about 40% throughout the frequency range. 
In condition A3, where one of the portions of absorber has been 
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Table 2 
MEAN VALUES OF P AND F WITH VARIOUS ROOM CONDITIONS 
Room condition P F 
% Wes 
Al 11-7 16°8 
A2 7:9 == 
A3 8-2 10-4 
A4 5:3 1:4 
AS (mean of two) SHO) 8:4 
A6 6-9 9-9 
AZT 6:3 8:9 
Mean of A5 and A7 6:0 _ 


Al 


10? 10% 
FREQUENCY, c/s 


Fig. 3.—Positional variation of reverberation time for experimental 
conditions Al—-A4, 
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Fig. 4.—Frequency variation of reverberation time, F, for 
experimental conditions Al, A3 and A4. 


removed, the values are of the same order as those from con- 
dition A2 except at 1kc/s and 1-4kc/s, where the value returns 
to that obtained in condition Al. The lowest values are given 
consistently by condition A4 where the room contained no 
additional absorption. This will be referred to in the paper as 
the ‘empty’ state. 

It thus appears that the quantity P is in general smaller where 
the absorption is most uniformly distributed, assuming that the 
absorption in the empty room has the most nearly uniform 
distribution. 

The values of F for condition Al are very much greater than 
those for condition A2 at 1-4kc/s and 1kc/s, while the empty 
condition A4 provides very low values indeed. F therefore 
appears to be reduced when the absorption is most uniformly 
distributed. 
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(2.4) Experiment on the Effect of Diffusers 


The second experiment was intended to investigate the effe 
of introducing rectangular diffusers into the otherwise emp 
room. In condition A5, 12 diffusers were arranged on five | 
the surfaces of the tiled room. These diffusers were made ¢ 
stout timber finished with a high-gloss paint, and were of thr 
sizes, the largest being 14 x 2 x 3ft. 

The reverberation time in this condition is shown in Fig. 
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Fig. 5.—Reverberation time of room in experimental conditions 
A4-A7. 


It will be seen that throughout the range it is of the order 
50-60% of that of the empty room. It is clear, therefore, th 
the diffusers introduce additional absorption, and so for cot 
parison a further condition, A6, was used where the diffuse 
were replaced by a similar area of absorber. 

P and F are shown in Figs. 6(a) and (b) plotted against fr 
quency, and Table 2 shows the mean values. The values of 


o 
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Fig. 6.—Variation of reverberation time for experimental conditio1 
A4-A7. 


(a) Positional variation, P. 
(6) Frequency variation, F. 
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yr condition A5, shown in Fig. 6(a), are somewhat lower below 
ke/s than those for the empty room, condition A4, but rise 
» higher values at 4kc/s. It was thought possible that this 
light be associated with a corner reflector effect, the right 
gles between the sides of a diffuser and the wall behaving as 
orner reflectors for sounds of which the wavelength was small 
ompared with the dimensions of the side. The hypothesis here 
| that since a corner reflector returns sound along its incident 
ath, it tends to maintain the existing order, rather than 
reating more disorder, and hence to nullify the effects of the 
iffuser. 

In condition A7, therefore, the sides of the diffusers were 
reated with a thin glass-wool felt which had a high absorption 
oefficient only at high frequencies. The intention was to reduce 
ie corner reflections by absorbing sound of short wavelength. 


(2.5) Results of Experiments with Diffusers 


As can be seen from Fig. 6(@), the values of P for condition 
.7 are lower than those for condition A5 except below 1 kc/s. 
ubsequently, condition A5 was repeated with a slightly different 
trangement of diffusers. The results are shown also in 
‘ig. 6(a). The rise at high frequencies observed in the first 
measurement is not seen in this case; in fact, the values are 
argely the same as those for condition A7 though higher below 
ke/s. 

The variations between these three conditions with diffusers 
resent suggest that individual values should be treated with 
eserve, the general trend only being accepted. The mean for 
onditions A5 and A7 is shown in Table 2. Referring to Table 2 
nd Fig. 6(6), where the mean values of F are shown, it can be 
een that the values for conditions A5, A6 and A7 are sub- 
tantially the same, being similar to those for condition A3. 
these should be compared with condition A4. 


(2.6) Further Experiments with Diffusers 


In the previous experiments, diffusers as judged in terms of the 
rameters P and F did not improve conditions in an empty 
00m; here a complication arises in that the diffusers themselves 
ecessarily introduce absorption. In the following experiments 
he extent to which diffusers could improve an obviously bad 
ondition was investigated. 

One wall of the same room was entirely covered with absorbers 
condition A8), thus producing a very high degree of spatial 
symmetry in the distribution of absorption in the room. In 
ondition A9, 12 diffusers were arranged-on the other surfaces 
f the room, and in condition A10, the diffusers were replaced 
y patches of absorber. The total absorption contributed by 
hese patches over the frequency range was similar to that of 
he diffusers; this was verified by a series of special measure- 
aents. As it was found very difficult to simulate the diffuser 
bsorption precisely, two variations of this condition were used. 
n condition Al0a, the amount of absorption was too great and 
n condition A10b, too little. The reverberation-time charac- 
sristics measured in the room in these conditions are shown 
a Fig. 7. 


TIME, SEC 


REVERBERATION 


103 104 
FREQUENCY, c/s 


Fig. 7.—Reverberation time of room in experimental conditions 
A8, A9 and A10, 
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The results in terms of the parameters P and F are shown in 
Table 3 and Figs. 8(a) and (b). The highest values of P are in 
general evident in condition A8, as was to be expected. The 
reduction apparent when diffusers are introduced (condition A9) 
occurs also when the diffusers are replaced by the larger amount 


Table 3 


EFFECT OF DIgFUSION ON MEAN VALUES OF P AND F IN ROOM 
WiTtH ASYMMETRICAL DISTRIBUTION OF ABSORPTION 


Room condition P F 
We vo 
A8 13-2 15:6 
A9 6°6 9-9 
A10 (mean of aand 5) 9:0 11-6 


P,°/o 


103 104 
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(6) 


Fig. 8.—Variation of reverberation time for experimental conditions 
A8, A9 and A10. 


(a) Positional variation, P. 
(b) Frequency variation, F. 


of absorption; in condition A10b, however—that of less absorp- 
tion—there was a substantial increase in P above 1kc/s com- 
pared with condition A9. 

The absorption equivalent to that of the diffusers undoubtedly 
lies between conditions Al0a and A10b. Interpolating values 
of P for these conditions shows that the diffusers have an effect 
in excess of that to be expected from their absorption alone. 
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Referring to the values of F observed in the experiments, it 
is clear that, although there is a substantial reduction with the 
introduction of diffusers, the equivalent absorbers have nearly 
as great an effect. 


(3) STATISTICS OF REVERBERATION-TIME MEASURE- 
MENTS IN ROOM WITH NON-PARALLEL WALLS 


(3.1) Experimental Conditions 


In the foregoing measurements certain general trends are 
perceptible, although there is considerable variation in the 
results for any particular condition. These variations could 
be associated with the exact placing of the absorbers or diffusers, 
and it was therefore thought desirable to repeat the measurements 
with different arrangements. Repeat experiments were in fact 
carried out in another completely tiled room, having a volume of 
2000ft? and non-parallel walls. Throughout the paper con- 
ditions in this non-parallel walled room are prefixed B. 

The measurement technique was changed in one respect, in 
that, instead of reading the decay times directly by means of a 
logarithmic amplifier and oscillograph, a high-speed logarithmic 
level recorder was used, giving a paper record. About 100 ft? 
of absorber was mounted on one wall, leaving about 30% of the 
wall uncovered. This was intended to reproduce condition A8 
used in the smaller room and is referred to as condition B8; 
similarly the diffusers and absorbers were separately introduced 
to produce conditions B9 and B10. Later these three conditions 
were repeated with the absorbers and diffusers rearranged. 


(3.2) Results 


The results given in Figs. 9, 10 and 11, and in Table 4, show 
a tendency for P to be lower throughout in room B than in the 


Table 4 
MEAN VALUES OF P AND F MEASURED IN A NON-PARALLEL- 
WALLED ROOM 


Room condition P 


B8 8-3 
B9 7:0 
B10 yeil 
B8* 6:7 
6:3 
U5) 


=e 


B9* 
B10* 


Ww 
= OE SIOXNGe 
OOANIDHL 


—_ 


* Absorbers and diffusers rearranged. 


rectangular room. The difference between the three conditions 
is less clear. Condition B9, with diffusers, is characterized by 
the lowest values in the high-frequency region for the first 
configuration and in the middle-frequency region for the second. 
Although the difference is slight, this condition corresponds to 
the most consistently low values for the two configurations. 

Condition B9 also corresponds to consistently lower values of 
F than those observed in either of the two other conditions. 


(4) EXPERIMENTS WITH DIRECTIONAL MICROPHONES 


(4.1) Pressure-Gradient Microphone 


An investigation of the directional variations in reverberation 
time with different conditions in a room was carried out with a 
ribbon microphone. Such a microphone responds to all com- 
ponents of velocity normal to one plane and has a figure-of-eight 
polar diagram; considered as a directional microphone, therefore, 
it has a very broad acceptance angle but has the advantage of a 
complete null in one plane for all frequencies. Conditions A4, 
AS and A6 were investigated, both warble tone and pure tone 
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Fig. 9.—Variation of reverberation time for conditions B8, B9 
and B10. 


(a) Positional variation, P. 
(6) Frequency variation, F. 
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Fig. 10.—Repeat measurements for conditions B8, B9 and B10. 


(a) Positional variation, P. 
(6) Frequency variation, F. 
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5, 11.—Positional variation of reverberation time, P, for conditions 
B8, B9 and B10 (mean of two determinations). 


ing used, at frequencies over the range from 175c/s to 8 kc/s. 
ith pure tone, two observers made five measurements at 
ervals of 2c/s at each frequency, the mean of the ten readings 
ing taken. 

In general any differences with orientation were very slight 
d the investigation in this respect was not pursued further. 


REVERBERATION TIME, SEC 


a : 
10? 10? 104 
FREQUENCY, c/s 


Fig. 12.—Reverberation time measured by pressure-gradient 
microphone in three directions (experimental condition A8). 


Fig. 12 is plotted the result for condition A8 (absorber was 
ounted on one wall only); this condition, as expected, exhibits 
e greatest difference between the planes of measurement. 


(4.2) Highly Directional Microphone 


Subsequently the measurements were repeated using a highly 
rectional microphone, which unlike a ribbon microphone has 
unidirectional polar diagram and also a much narrower 
rward lobe. The microphone consists of a slotted tube, one 
stre long, containing a graded resistive material, mounted in 
mt of the diaphragm of a pressure microphone. For sound 
wavelength less than one metre, partial cancellation takes 
ace along the length of the tube except where the tube lies 
ong the direction of propagation of the wavefront. It presents 
eligible obstruction in the room, but its length is large compared 
th the wavelength of the standing waves and represents 30% 
the smallest dimension of the room. The signal obtained 
ym it thus does not represent the sound level at a point but is 
function of the spatial variation along the length of the 
crophone. 

The results for conditions A8 and A9 are shown in Figs. 13(a) 
d(b). As only one microphone position was used, the mean 
two separate determinations is plotted. In general, for con- 
‘ion A8 there was a more pronounced difference between the 
sults obtained for different orientations than with the ribbon 
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Fig. 13.—Reverberation time using highly directional microphone. 


(a) Experimental condition A8. 
(6) Experimental condition A9. 


microphone. For condition A9 where rectangular diffusers had 
been added, this difference was appreciably reduced. 


(5) MEASUREMENTS OF THE CURVATURE OF 
INDIVIDUAL DECAYS 

An investigation of the curvature of individual decays was 
confined to a study of the general shape, no attention being 
paid to the small irregularities. Any change in the exponential 
index of the decay will appear on the logarithmic scale used for 
these measurements as a change of slope, which can take one of 
several forms. The decay may exhibit a single pronounced dis- 
continuity in the slope, several distinct slopes, or even a continu- 
ous curve. The shape is usually concave, the slope decreasing 
with time, but may on occasions be convex. It was arbitrarily 
decided to treat all decays as having a'double slope, and an 
attempt wasmade to fit straight lines to the top and bottom halves 
of the decay. The ratio between the two slopes thus obtained 
represents the simplest way to express the overall linearity of 
the curve. The records previously used to determine the 
quantity F were re-examined and the slope of the upper part of 
each decay was measured by aligning the reference line of the 
protractor to it while ignoring the lower part. The slope of 
the lower part was similarly obtained. The division between 
the two parts of the curve was set at approximately half-way 
down the decay, which in practice took into account a range of 
some 25 dB for each part instead of the normal range of 50dB 
for the whole decay. This reduction in the level range is the 
penalty to be paid for obtaining information about the shape of 
the curve, and the number of measurements must be increased 
to attain sufficient accuracy in determination of the slopes. 
Measurements were made by two observers, whose readings were 
averaged, before deriving the ratio between the two slopes. For 
convenience the slopes were measured in terms of the corre- 
sponding reverberation time. In Fig. 14, the reverberation times 
for the two parts of the decay are plotted for one condition, 
together with the mean values of the ratio, S, which is defined 
as the ratio of the reverberation time of the high-slope portion 
to that of the low-slope portion, expressed as a percentage. 
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Fig. 14.—Measurement of double slope index, S. 


(a) Example of measurements of initial and final slope of decay curves. 
(6) Values of S obtained from the slope measurements. 


Last part of sound decay. 


——-- First part of sound decay. 


The reverberation time of the low-slope portion occurs thus 
as the denominator irrespective of whether it arises in the first 
or second part of the decay. It follows that S is never greater 
than 100% (denoting a straight line), and that a given value of 
S may refer to either a concave or convex decay. An alternative 
procedure would be to use the reverberation time from, say, 
the lower part of the decay always as the denominator. In this 
case a convex slope would be associated with a figure greater 
than 100°%, while a concave slope would still be associated with 
a figure less than 100% as above. This procedure would have 
the disadvantage that, in taking a mean of many individual 
determinations, departures from the straight line as convex 
slopes would tend to cancel the effect of departure as concave 
slopes. The resulting mean would not then be the average of 
the curvature of the individual decays, which is the quantity 
required. 

In practice, as will be seen from Fig. 14, S varies considerably 
and not always systematically between decays at 2c/s intervals, 
so that it was essential to consider the average of a number of 
individual readings. Means were computed for each of 26 
decays, each group covering a range of 50c/s starting at one of 
the four frequencies 700c/s, 1kc/s, 1-4kc/s and 2kc/s. 

Table 5 shows the values obtained in eleven room conditions. 
Study of the Table shows that there is no sign of a systematic 
variation with frequency, so that it appears reasonable to con- 
sider the mean of readings taken at all four frequencies as repre- 
senting a value for any particular condition. Standard errors 
for these overall means are computed from the 104 readings 
obtained in each case. 

Considering first conditions A8, A9 and A10, the lowest 
value of S corresponding to the highest average curvature was 
67%. This occurred in condition A8 in which the only treatment 
of the room was one wall entirely covered with absorber. When 
rectangular diffusers were introduced (condition A9), S increased 
greatly to a value of 86%, indicating that the average decay 
in this condition was more nearly a straight line. In the check 
condition A10, where the diffusers had been replaced by 
equivalent absorbers, S had an intermediate value of 78%. The 
same pattern is evident in conditions B8, B9 and B10, where 
measurements were made in the room with non-parallel walls, 


Table 5 


EFFECT OF ROOM CONDITION ON DOUBLE-SLOPE RATIO, 


Frequency band 


Stand 
R 
condition ae 
700 c/s 1-4kc/s | 2ke/s a 
62 ia 
91 1-( 
75 lis 
1°’ 
1+ 
1°: 
1" 
1? 
1+ 
1+ 
1: 
* Absorbers and diffusers rearranged. 
although the range of the means is appreciably less. When 


materials were rearranged in the same room and the meas 
ments repeated to provide conditions B8*, B9* and B10*, 
values of S agreed very well with those for conditions B8. 
and B10.. The area of absorber in B10* was somewhat gre 
than that in B10. 

The values for conditions A4 and AS5 are also listed in 
Table. These values are not significantly different, indica 
that the curvature of the decays is not reduced when diffu 
are added to the empty room, where the absorption may 
regarded as evenly distributed. The curvature of the decay 
these two conditions was greater than in condition A9, where 
diffusers were present and the absorption in the room was b: 
distributed. The apparent anomaly represented by this c 
parison remains unexplained. It must be noted, however, 
conditions A4 and A5 were part of a different set of experim 
from those relating to A9 and that the two sets differed wi 
in their average reverberation times. The reduction of reverb 
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on time between conditions A4 and A9 is sufficient to produce 
4 appreciable alteration in the detailed appearance of the 
tcays, the average number of oscillations for a given level 
lange being reduced. It is thought that such differences in 
bpearance may affect the judgment of an observer in assigning 
h average slope to part of a decay and lead to systematic 
eviations where the effect is marked. A direct comparison 
etween A4 and A5 on the one hand and A9 on the other may 
ierefore not be justifiable. 


(6) REVERBERATION-TIME CONTOURS 

The magnitude of the parameter P in the foregoing Sections 
ferred to the spread of measured reverberation time in the 
dom but took no account of the manner in which the reverbera- 
on time varied throughout the room. The same magnitude 
ould be obtained when the readings of reverberation time 
hanged continuously across the room as in the case when there 
rere marked local variations. 


TTT a a: 


HULL 


UNTREATED ROOM 
MEAN REVERBERATION 
TIME, 1-76 SEC 


@) 


MEAN REVERBERATION 
TIME, 0-68 SEC 


(c) 


al ee 


447 


In this experiment, reverberation time was measured in about 
100 microphone positions at 1 ft intervals in one plane of a room 
with 10ft sides. In the first instance, warble-tone pulses were 
radiated from a loudspeaker and contours of equal reverberation 
time were plotted on a plan of the room. With this technique 
the essential information contained in the diagram was masked 
by unnecessary detail, the form of which varied without apparent 
change in experimental conditions. The warble-tone technique 
was therefore discarded. 

In the method which proved the most successful, the loud- 
speaker was supplied with pulses of white noise filtered through 
one-third-octave band-pass filters. In plotting the reverbera- 
tion-time contours the times chosen were running averages from 
groups of four adjacent microphone positions. It was found 
convenient to normalize contour levels in terms of percentages 
of the mean reverberation time because this simplified the com- 
parison of plots having different mean reverberation times. 

Fig. 15 shows the contour plots for a horizontal plane at half 


MEAN REVERBERATION 
A TIME, ('O SEC 


L (5) 


D = DIFFUSERS 
L = LOUDSPEAKER 
P = WOOD PANEL 
A= ABSORBER 


APPROXIMATE PERCENTAGES 
OF MEAN REVERBERATION TIME 


YMA 


115% TO 125% 


105Jo TO 115 Yo 


95% TO 105% 


85% TO 95% 


Fig. 15.—Reverberation-time contours measured in cubical room. 
Experimental conditions appropriate to each plot are indicated in the plan diagrams of the room. 
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room height for the 1 kc/s filter setting. In the condition repre- 
sented by Fig. 15(a) the room was untreated. No contours 
are shown, because the closest contours to the mean are at +5% 
of it and there is no departure greater than 5% in this condition. 
This illustrates the substantial uniformity of values in the 
untreated room. In the condition represented by Fig. 15(6), 
one of the walls was covered with a medium-frequency absorber. 
The simple pattern indicates the systematic lowering of reverbera- 
tion time towards the absorbing wall. In Fig. 15(c), which shows 
the results with three rectangular diffusers fixed to the untreated 
walls in or near the measurement plane, the pattern has been 
made more complex by the presence of the diffusers. In each 
of these diagrams the contour level is 10% of the mean reverbera- 
tion time. 

The work done up to the present is largely exploratory, and 
these diagrams are included only as examples of the results to 
be expected. The technique shows promise and may well be 
developed and applied to the study of broadcasting studios. 


(7) EFFECT OF DIFFUSION ON EFFECTIVE ABSORPTION 
COEFFICIENT OF AN ABSORBER 

Experience suggests that the efficiency of an absorber in a 
room is related to the degree of diffusion of the sound field in 
the room. Thus the measured absorption coefficient of a 
material might be used as an index of the degree of diffusion. 
Two experiments were carried out in which this hypothesis was 
examined. 

The first experiment was designed to examine the effects of 
diffusers on the measured absorption coefficient of a material in 
the cubical room A. Twelve diffusers similar to those described 
in Section 2.4 were mounted on four of the surfaces of the room, 
while 100 ft? of a special medium-frequency absorber, adopted 
as a standard for these experiments, was mounted in one of the 
following two ways: 

(a) Distributed on five surfaces (between the diffusers). The 
units were in several sizes, the largest area being 16 ft?. 

(6) Restricted to and completely filling one wall. 

The absorption coefficient of the standard sample was deter- 
mined by measuring reverberation times with and without the 
sample, and with and without the diffusers in the room; in this 
way the absorption directly due to the diffusers, in any case 
small, did not enter into the calculation of the absorption 
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Fig. 16.—Absorption coefficient of fixed area of absorber under 
various conditions. 
(a) Distributed throughout the room, 
(6) Concentrated on one wall. 


No diffusers. 
—--- With diffusers, 


coefficient. The results are plotted in Fig. 16. Above 500c/s 
a considerable difference in the absorption coefficient between 
arrangements (a) and (6) was observed when no diffusers were 
present, the absorption coefficient in the 2kc/s region being 
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reduced to about 25°% of its former value when the absork 
was concentrated on one wall. In the same condition, howey: 
the absorption coefficient rose to about 75 % of the original val 
when diffusers were present. In arrangement (a) where t 
absorber was distributed the diffusers had no effect. 

It appears, therefore, that diffusers of this sort greatly impro 
conditions when the distribution of the absorber is extrem¢ 
bad, but that there is no improvement when the absorber 
well distributed and therefore reaches its maximum efficien 
without additional diffusers. : 

The second experiment was intended to find whether, in vii 
of the equivalence of diffusers and absorbing patches found 
Section 2.6, distributing the absorption evenly was as effect 
as adding diffusers in increasing the efficiency of a concentra 
absorber. We 

The conditions were similar to those of the first experim 
except that room B was used. The sample under considerati 
was restricted to one wall throughout the experiment, additio 
absorption being provided to produce a diffuse condition wh 
required. Two determinations of the absorption coefficient 
the sample were made by measuring reverberation time in fc 
conditions of the room: 


(i) Empty. 
(ii) With the standard sample of area 96 ft? concentrated 
one wall. 
(iii) With the additional absorption distributed around * 
room. No sample. 
(iv) With additional absorption as in (iii) and sample ce 
centrated on one wall as in (ii). 


Two further conditions were used in order to compare © 
effect due to distributed absorption with that due to rectangu 
diffusers in this room. These were: 


(v) With 12 rectangular diffusers and no sample absorber. 
(vi) With diffusers as in (v), with the sample restricted to ¢ 
wall. 


The absorption coefficients obtained in these conditions 
shown in Fig. 17. Curve (a) was obtained from conditions 
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Fig. 17.—Absorption coefficient of absorber concentrated on on 
wall of room. 


(a) Room otherwise empty. 
(6) With additional absorber distributed around room, 
(c) With rectangular diffusers, no additional absorber. 


and (ii); curve (6) from conditions (iii) and (iv); and curve 
from conditions (v) and (vi). 

It will be seen that in the region above 500c/s the presence 
additional distributed absorption increased the measured absc 
tion coefficient by as much as 30%. This increase is, wit 
experimental error, the same as that obtained when rectangt 
diffusers were present instead of distributed absorption. 17 
effect is smaller than that obtained for rectangular diffuser: 


‘e first experiment, presumably owing to the higher degree of 
ffusion associated with the non-parallel walls and a larger 
jlume in the room used for the second experiment. In fact, 
le value obtained for the concentrated absorber in the empty 
jom is considerably higher than the equivalent value in the 
tst experiment, taking into account that the absorbers were not 
le same in the two cases. In both experiments the value 
)otained with rectangular diffusers was about 75% of that 


tained with a distributed absorber (not plotted in Fig. 17). 
| 


| ; (8) CONCLUSIONS 
(8.1) Summary of Conclusions from Individual Experiments 

: In the foregoing work two interconnected problems have been 
Judied. An attempt has been made to find a measure of the 
‘ate of diffusion in a room, and the physical effects of varying 
ie distribution of absorption and adding artificial diffusers have 
jeen investigated. To study these problems together it has been 
‘ecessary to make certain general assumptions. The first is 
jiat the physical quantities studied are those likely to be related 
') the state of diffusion, and the second is that the room condi- 
‘ons are those that can reasonably be expected to increase or 
jecrease the degree of diffusion. 

The investigation became simplified to a series of experiments 


there room conditions were changed as markedly as possible, 
hd the resulting alterations of each of the physical quantities 
ere examined. Any quantity or parameter which responds to 
‘hanges in the absorption and the shape of the room may offer 
worth-while means of studying conditions in broadcasting 
tudios and auditoria in general. The experiments show that 
| is not difficult to detect changes in the sound field as a result 
if altering the distribution of absorption or of adding artificial 
liffusers, but although evidence can be found for changes in 
everal physical quantities, they are not necessarily of practical 
falue for use in experimental investigations in the laboratory 
ir in the field. In some cases a great deal of trouble had to be 
aken to be sure that a change had indeed taken place, even 
hough the room changes were made as great as possible. The 
ollowing general conclusions are reached. 
| Sound Decay Irregularity.—This parameter was mainly investi- 
fated with reference to the effect of diffusers. Great care is 
‘equired to ensure accuracy and consistency in results; in par- 
ficular the method is very sensitive to small instrumental vari- 
lions. It is nevertheless to be noted that the magnitude of the 
iound decay irregularity was the only quantity which indicated 
in improvement in the degree of diffusion when diffusers were 
idded to an empty room, although this indication was not 
bronounced. 

Spatial Variation of Reverberation Time, P.—This quantity 
‘esponds quite markedly to changes in the distribution of 
ibsorption. This is not surprising, even ignoring general con- 
siderations of diffusion, as one might expect to find below- 
iverage reverberation times in areas of a room close to surfaces 
where the absorption coefficient is high. It may well be useful 
1 assessing the behaviour of broadcasting studios. 

Frequency Variation of Reverberation Time, F.—There is no 
dbvious reason to expect the variation of reverberation time with 
small increments of frequency, unlike the spatial variation, to 
lepend on the position of absorbing surfaces. Even so, this 
juantity gave quite clear indications of changes in the distribu- 
jon of absorption. It also gave a better indication of the 
resence of diffusers than the parameter P in a room with 
nherently poor diffusion. It is considered that this quantity 
nay well be a very useful index for use in field measurements. 
Variation of Reverberation Time with Orientation of Micro- 
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phone.—Although some evidence of change of reverberation 
time with orientation of the microphone was observed with 
major changes in the distribution of absorption, little information 
could be gained under the conditions of these experiments. The 
evidence of the present work suggests that study of directional 
effects in small studios is not likely to be fruitful, although 
important work on similar phenomena in large rooms and 
concert halls has been reported by Meyer and Thiele.> 

Sound Decay Curvature, S.—In the work described, the curva- 
ture was obtained in the simplest possible way by measuring the 
slopes of the first and second halves of the sound decay curve. 
It would be possible to extend the principle to derive more 
subtle measurements of curvature, but in the form here used, 
where one slope was expressed as a ratio of the other, it is con- 
sidered to be a very useful index and one which has the advantage 
of simplicity. In the experiments it gave clear indications of the 
presence of bad distribution of absorption and of the effects of 
artificial diffusers. 

Reverberation-Time Contours.—Contour diagrams of this kind 
do not provide a single numerical index of diffusion. The paper 
gives an account of the first exploratory steps in what may 
become a useful technique. Investigation is required to deter- 
mine how to plot the contours so that essential information is 
retained and redundant matter discarded. If this can be done, 
the method will be useful for special investigation of broad- 
casting studios in which faults in the distribution of absorption 
are suspected. 


(8.2) Discussion 


In making these judgments of the effectiveness of certain tech- 
niques for investigating diffusion, it has been necessary to make 
assumptions regarding the qualitative effect of distribution of 
absorption and of artificial diffusers. The usefulness of the 
techniques described having been assessed, it is now possible to 
draw conclusions regarding the degree to which the state of 
diffusion is changed by variations in the room, and to compare 
the effects of distributed absorption and artificial diffusers. 

The first experiments, using the indices P and F, showed that, 
when the absorption was restricted to one of the surfaces of a 
room, the poor degree of diffusion then apparent was markedly 
improved by a more uniform distribution of the absorbing 
surfaces over all surfaces in the room. 

The presence of diffusers in the otherwise empty room did not 
appreciably change the degree of diffusion, as indicated by the 
spatial and frequency variation indices, P and F, or by the double 
slope index S§. The earlier decay-irregularity experiments how- 
ever had shown a significant improvement with the presence of 
diffusers. 

The effect of diffusers was most marked when they were used 
for the treatment of a room where the absorption was badly 
distributed. All three of the indices mentioned above indicated 
a clear improvement in the degree of diffusion, making due 
allowance for absorption introduced by the diffusers themselves. 
The improvement was repeated when variations of the same basic 
experiment were carried out. It was observed that, where 
measurements were made in a somewhat larger room with non- 
parallel walls, the difference between treated and untreated con- 
ditions was less marked, indicating that the non-parallel walls 
had been effective in improving the degree of diffusion. 

The experiments on the measurement of absorption coefficient, 
using this quantity as an indicator of diffusion conditions, again 
showed that, where a reasonable uniformity of distribution of 
absorption over the walls existed, diffusers had no effect on the 
measured value of absorption coefficient. However, where the 
absorption was concentrated on one wall, the presence of dif- 
fusers effected'a marked increase in the measured absorption 
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coefficient. A similar effect on the measured absorption 
coefficient of this concentrated sample was observed when 
additional absorption was arranged on the other surfaces of the 
room. When linked with other experiments, not described here, 
it was clear that the maximum absorption coefficient measured 
under these conditions was effectively the maximum absorption 
coefficient attainable for the material. 

Results confirming these conclusions on the relationship 
between diffusion and the efficiency of absorbers have been 
recently published by Meyer and Kuttruff.° From results with 
models, they show that the effective absorption coefficient of a 
material fixed to the walls of an enclosure may be regarded as a 
measure of the state of diffusion, and using this criterion they 
discuss the effect of hemicylindrical diffusers and room shape. 


(8.3) General Conclusions 


Several broad conclusions arise from the work described in 
the paper. The principal conclusion is that practical means are 
available for the measurement of some, at least, of the charac- 
teristics of good sound diffusion. These are likely to be of value 
for the investigation of the acoustics of sound studios and audi- 
toria and in the measurement of absorption coefficients. 

The method which appears to be most suitable for adoption 
as a routine criterion of diffusion in operational studios is that 
based on the measurement of the average curvature of the indi- 
vidual decay curves. This method is simple and gives a satis- 
factory indication of changes in diffusion from all causes. 

The methods of investigation taken together show that the 
degree of diffusion may be improved by the presence of rect- 
angular diffusers and by suitable arrangement of absorbing 
material, and there is some experimental evidence to confirm 
the hypothesis that diffusers will effect an improvement even in a 
room with surfaces of uniform absorption coefficient. 
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The results and conclusions from the experiment descril 
in Section 7 were presented by Mr. T. Somerville of the B.B 
Research Department, at the International Organization — 
Standardization Conference in Paris, January, 1957. 
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A LOW-DRIFT TRANSISTOR CHOPPER-TYPE D.C. AMPLIFIER WITH HIGH 
GAIN AND LARGE DYNAMIC RANGE 
By I. C. HUTCHEON, M.A., A.M.I.Mech.E., Associate Member, and D. SUMMERS. 


(The paper was first received 26th June, 1959, and in revised form 9th January, 1960. It was published in March, 1960, and was read 
before the MEASUREMENT AND CONTROL SECTION 15th March, 1960.) 


SUMMARY 

The paper describes a transistor chopper-type d.c. amplifier which 
is intended for use in the field of process measurement and control. 
It has a voltage drift below +10V and a current drift below +4 x 
10-9 amp. 

‘The forward gain in the steady state is about 10kV/wA and 

15 volts/“V, and, in consequence, the full output swing of 0 to 
5 volts is provided by an input signal little greater than the drift. 
The application of sufficient overall negative d.c. feedback therefore 
enables input signals of 0-10mV or 0-4yA to provide full output 
with an accuracy of +0-1%. 
' The low drift is obtained by operating the transistor chopper at 
200c/s, stabilizing its temperature within +2°C, and providing 
suitably stable waveforms to drive the transistor and compensate for 
its voltage offset. 

The a.c. gain prior to the demodulator is only 50 volts/wA, the 
remaining voltage gain, of about 200, being provided by a low-drift 
d.c. amplifier which is connected as a feedback integrator and used to 
smooth the demodulated output. This arrangement enables the 
system to handle, with a minimum of saturation, the large error 
signals which occur during a rebalancing operation, and thus maintain 
a fast response to large changes of input signal. 

The system is first analysed in general terms, and expressions are 
derived which describe its performance and act as a guide to the design 
of this type of amplifier. 


LIST OF SYMBOLS 


_ A= Voltage gain of d.c. amplifier. 
_ A; = Steady-state voltage gain of integrator. 
C = Integrating capacitance, farads. 
C, = Input coupling capacitance, farads. 
C, = Output coupling capacitance, farads. 
C; = Input filter capacitance, farads. 
_ #= Maximum input current x nZ/V,. 
j J = Direct input current, amp. 
f I; = Direct feedback current, amp. 
_. J; = Current drift due to integrator, referred to input, amp. 
ZJ;= Current drift of input chopper (transient effects 
rr excepted), amp. 
_ J, = Current offset due to Q,, amp. 
J, = Current offset due to Q,,, amp. 
i = Current drift of d.c. amplifier, amp. 
n = Ratio of unclamped to clamped period. 
_ Q, = Charge of input-chopper negative transient, coulombs. 
? OQ, = Charge of input-chopper positive transient, coulombs. 
R = Integrator smoothing resistance, ohms. 
_ Ry = Feedback resistance, ohms. 
_ &, = Input impedance of a.c. amplifier, ohms. 
_ R&,= Input-filter terminating resistance, ohms. 
R; = Integrator load resistance, ohms. 
; R, = Output impedance of a.c. amplifier, ohms. 
___&, = Source resistance, ohms. 
_ = Resistance of input chopper when open, ohms. 
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r, = Resistance of input chopper when closed, ohms. 
T = Time-constant in linear régime, sec. 
7 = Duration of clamped period, sec. 
V; = Voltage drift due to integrator, referred to input 
chopper, volts. 
V,; = Voltage drift of input chopper (transient effects 
excepted), volts. 
Vinax = Limiting amplitude of a.c. amplifier output, volts. 
V, = Integrator output voltage, volts. 
Vomax = Maximum value of V,, volts. 
V, = Voltage offset due to Q,, volts. 
V, = Amplitude of output ripple, volts. 
V,, = Value of V, in the steady state, volts. 
V, = Voltage drift of integrator, volts. 
V, = Ve + 4V omaxl4;, volts. 
v = Voltage drift of d.c. amplifier, volts. 
Z = Transfer gain of a.c. amplifier, volts/amp. 


(1) INTRODUCTION 


Since the forward gain of a chopper-type d.c. amplifier cannot 
usually be held within close limits, sufficient negative d.c. feed- 
back must be applied over the whole amplifier to define a much 
lower net gain with whatever accuracy is required. 

Consider, for example, the half-wave arrangement shown in 
Fig. 1, in which the resistor Rs provides the feedback. If the 
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Fig. 1.—Half-wave chopper-type d.c. amplifier with RC smoothing. 


net gain is required to remain constant within 0-1°%, the steady- 
state error signal applied to the amplifier must not exceed 0-:1% 
of the input current J, and the forward gain must be at least 
1000 times the gain of the feedback path, i.e. 1 000R; volts/amp. 
The output voltage V, is then very nearly equal to IR,, and, if 
a small input current is to provide a large output, both R; and 
the forward gain must be large. 

As Ry and the forward gain are increased, the error signal 
decreases until eventually the drift of the amplifier becomes the 
significant factor and prevents further reduction of the error. 
Any further increase in gain gives no advantage, and the greatest 
gain which can usefully be employed is that which makes the 
total error signal little greater than the drift. 

A difficulty arises, however, if all the gain is embodied prior 
to the demodulator. Any substantial change in the input signal 
causes the amplifier to receive an error signal which is tem- 
porarily much greater than the steady-state value. The amplifier 
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and demodulator saturate and deliver a severely limited output, 
the smoothing capacitor charges at a very restricted rate and 
the system has a poor response to large changes of input signal. 
Furthermore the system is easily rendered insensitive by the 
saturating effect of spurious input signals, such as, for example, 
50c/s pick-up in long input cables from a distant source. 

Both disadvantages are overcome if a sufficient part of the 
total gain is provided by a d.c. amplifier after the demodulator, 
as shown in Fig. 2(a). The a.c. gain prior to the demodulator 


OUTPUT 


c/(1+A) 


= OUTPUT 


Fig. 2.—Alternative output stages. 


(a) RC integrator plus d.c. amplifier. 
(6) Feedback integrator. 


is then much lower, demodulation is performed at a relatively 
low signal level and saturation is avoided. 

The d.c. gain which can usefully be employed depends on the 
drift of the d.c. amplifier, and it is not always possible to prevent 
saturation effects altogether. Nevertheless the arrangement per- 
mits much more of the operation to take place in the linear 
régime, and the response to large changes of input is much 
better than if no d.c. amplifier were provided. 

Two further advantages are gained if the RC integrator and d.c. 
amplifier are converted into an equivalent feedback integrator, 
as shown in Fig. 2(b). First, the capacitance, which otherwise 
may be very large in high-gain systems, is reduced by a factor 
1+ A to a more convenient value. Secondly, the output is 
almost unaffected by ripple or random fluctuations in supply 
voltages, since it is held constant by feedback action through 
the capacitor. 

Operation of the half-wave chopper-type d.c. amplifier with a 
feedback integrator smoothing circuit is analysed in the following 
Section, and the results are then applied to the design of a 
practical amplifier. 


(2) ANALYSIS OF THE HALF-WAVE CHOPPER-TYPE 
D.C. AMPLIFIER WITH FEEDBACK INTEGRATOR 

Fig. 3(@) is a block diagram of the complete amplifier which 
comprises an input chopper S,, a capacitance-coupled amplifier 
having a transfer gain of Z volts/amp, an output chopper 
(demodulator) S, and a feedback integrator. The switches are 
assumed to open and close in synchronism, both being open 
for a time nt and closed for a time 7 during each cycle. Negative 
d.c. feedback is applied over the whole system, and it is assumed 
in the analysis that this defines the output voltage in terms of 
the input current. Any of the four possible feedback combina- 
tions can equally well be used, however, with little change in the 
argument. Typical waveforms are shown in Figs. 3(b)-(e) and 
refer to operation with the feedback disconnected. 


(2.1) Operation 


Once in every cycle, the two switches close simultaneously for 
a time 7, and the coupling capacitors C, and C, have their 
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Fig. 3.—Half-wave chopper-type d.c. amplifier with feedback — 
integrator. 
(a) Circuit. 
(b) A.C, amplifier input current. 
(c) A.C. amplifier output voltage. 
(d) Integrator input current, 
(e) Integrator output voltage. 


potentials reset to values which ensure that zero input sign 
corresponds to zero output. During the periods nv when tl 
switches are open, therefore, the amplifier and its two capacito 
form a drift-corrected d.c. amplifier connected between the inp 
and the integrator, and if any error signal is present, the outp 
changes in a direction which tends to reduce it. The tim 
constant of the input circuit in the clamped state is made ju 
sufficient to preserve a moderately square waveform, while th 
of the output circuit is made shorter than the clamped peric 
so that the resetting process is carried as far as possible durit 
each cycle. Both time-constants in the unclamped state a 
made relatively long. 

The system has three different modes or régimes of operatic 
which have to be considered separately. These are: ; 


(a) The saturated régime, in which a large error signal causes tl 
demodulator to deliver its maximum output and the output of t 
integrator changes at a steady rate. 

(b) The linear régime, which obtains when the error signal 
reduced to a value which no longer saturates the demodulator ar 
in which the response is exponential. 

(c) The steady state, which exists when a state of balance h 
been reached and the error signal is just sufficient to counteract t 
drifts of the input chopper and the integrator and to provide t! 
necessary change in output from its mean level. 


The performance in each of these régimes and the demarcatic 
between them are deduced from the open-loop characteristics | 
the amplifier, which are therefore determined first. 


(2.2) Open-Loop Characteristics 


Consider the system shown in Fig. 3(a) with the overall d: 
feedback disconnected and a direct current J, which does n 
saturate the amplifier or the demodulator, applied suddenly 
the input terminals. 

During the first few cycles, the potential across C, rises to 
value nIR;,, which causes the current J flowing into the amp 


ler during the unclamped periods, m7, to be balanced by a 
irrent mJ flowing out during each clamped period 7. The input 
jmopper thus has a current gain which rises from unity to m + 1 
ter a short delay. The potential across the chopper during 
xe unclamped periods rises from IR to (nv + 1)IR;, during the 
ame few cycles, and the input impedance is increased to 
oat DRin. 

| Thus, after a few cycles, the amplifier receives a moderately 
sctangular current waveform of amplitude (7 + 1)J as shown 
\ Fig. 3(6), and delivers a corresponding output voltage of 
plitude (x + 1)JZ as shown in Fig. 3(c). 

|The output chopper holds the right-hand side of C, at earth 
otential during each clamped period. Since R,C, is low, the 
le. restoration is substantially complete and direct-voltage 
ulses of amplitude (n + 1)JZ are applied to R during each 
nelamped period, causing current pulses (x + 1)/Z/R to flow 
ito C, as shown in Fig. 3(d). The mean voltage applied to 
{ over a complete cycle is nIZ, and the input chopper, a.c. 
mplifier and output chopper taken together can be regarded as 
aving a mean transfer gain 


(1) 


The integrator 


nZ volts/amp 


rhich is achieved after a delay of a few cycles. 
jutput voltage therefore changes at a mean rate 


it ees ea ges) (2) 


vhich, as shown in Fig. 3(e), is composed of ramp increases 
ita rate (n + 1)IZ/RC volts per second during the unclamped 
yeriods alternated with pauses during the remainder of each 
lyele. Inspection of Fig. 3(e) shows the amplitude of the ripple 
iontent of the output voltage to be approximately 
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(2.3) Saturated Régime 


Tf the feedback is connected and the input current undergoes 
i large step change, the a.c. amplifier delivers an output voltage 
whose amplitude is limited by the circuit parameters to some 
value V,,,,- (In principle either the amplifier or the demodulator 
nay be the limiting factor, but the effect is the same.) The 
jutput voltage V, of the integrator then changes at a rate 
Vinex| RC during each unclamped period, remaining stationary 
1s before while the output chopper is clamped, and its mean 
rate of change is ie 


a) Pass n Ve 
A I SIS A OF 


(4) 


The output continues to change at this rate until the feedback 
has reduced the net input current to a value which just provides 
fhe limiting a.c. output. The a.c. output then falls and the 
remainder of the rebalancing action takes place in the linear 
régime. The transition occurs when 


5 Tp)(n + DZ = Vingx 


ji poe aes 
fn eZ 


The maximum current which the a.c. amplifier has to supply 
juring the unclamped periods is V,,,,,/R in either direction. If 
7 > 1, however, the amplifier must be capable of supplying a 
sreater current nV,,,,,/R (also in either direction) while the output 
shopper is clamped, in order to reset the potential of C, 
>ompletely. 

VoL. 107, Part B. 
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(2.4) Linear Régime 


The last part and, in some cases the whole, of a rebalancing 
action takes place with the a.c. amplifier unsaturated. If the 
action covers more than a very few cycles, it is reasonable to 
assume that the input chopper has a gain of m + 1, in which 
case the system reduces to that shown in Fig. 4(a). 

Suppose, therefore, that a step change of input current J is 
applied to the system shown in Fig. 4(a) at time t= 0. After 
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T=RRp C/nZ 
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(I -Ip)=Vmax /( +1)2 
(6) 
Fig. 4.—Response with overall d.c. feedback. 


(a) Equivalent circuit. 
(6) Output, amplifier saturated initially. 


t seconds the feedback current will have risen to a value J;, 
the net input is J — J, and the current flowing into the integrating 
capacitor is nZ(I — I;)/R. Therefore 


ae nZI =I). 5 di 
dt RC Rit ©) 
and Ty = 11 — e-47) (7) 
_ RRC 
where Sze . (Ta) 
and I;=Owhent=0. (7b) 


Thus J; approaches J and V, approaches IR; in an exponential 
manner. This is shown in Fig. 4(6), which includes also a 
portion of the response to a saturating signal. 

If the time-constant calculated from eqn. (7a) is comparable 
with the cycle duration, the gain of the input chopper cannot be 
assumed equal to m + 1 and the equation is invalid. The gain 
is never less than unity, however, and the time-constant during 
each unclamped period is therefore never greater than 

Ry C 


T= 


Z (7e) 


(2.5) Steady State 


When a state of balance has been reached, there remains a 
small steady-state error signal which, when amplified, is just 
sufficient to hold the integrator output voltage at the required 
steady value and counter any drifts arising in the input chopper. 
The feedback signal is assumed to be sufficiently free from ripple 
that the error signal can be regarded as constant, and the error 
comprises seyeral components which are calculated as follows. 

17 
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(2.5.1) Errors due to Integrator. 


The integrator is initially adjusted so that its output voltage 
is half the maximum value when the applied voltage is zero. 
Changes in ambient temperature and ageing effects cause the 
d.c. amplifier to drift, however, and in order to maintain the 
same output, a voltage 

Vg SOAR aes ae be eee) 


must be applied to the integrator, where v and i are the voltage 

and current drifts of the d.c. amplifier referred to its input. 

The corresponding current drift at the input to the system is 

equal to V, divided by the mean transfer gain preceding the 
integrator. Thus 

Vs 

ie WZ (9) 

In addition to J;, a small input current must be provided to 

swing the integrator output by a maximum of +4V,,,,, about 

its mean value. If the steady-state gain of the integrator is A;, 

the current has a maximum value 


se t Vomax 


eae (10) 


Multiplying the above currents by R, plus the input impedance 
(n + 1)R;, gives the associated voltage changes at a source of 
resistance R,. 


(2.5.2) Total Errors. 


The input chopper contributes a current drift J; and a voltage 
drift V;. If the system is arranged for current amplification, 
therefore, the maximum error between the input and feedback 
currents is 


16 oe OV mae +I, 


si nZA; ORY 


In the case of voltage amplification, both V; and the voltage 
drift caused by J; in flowing through the source resistance must 
be added to the voltage drift due to the integrator, and the total 
voltage error is 


(i 4 2h aa LR Se GRE ick Fp Re ta epal AD) 
(2.5.3) Output Ripple. 


The mean voltage applied to the integrator in the steady state 
is within the limits V, + 4V,,.,,/A;, and its greatest value is 


V, ra Vs ae 4V max! Ai . (13) 


It is applied as a series of direct-voltage pulses whose duration 
is nr and whose amplitude is therefore (1 + 1/n)V,,as shown in 
Fig. 5(a). No signal is applied during the clamped periods, and 
the output ripple is equal to the drift 


TV, 
Vis = Re (14) 
which then occurs. This is shown in Fig. 5(c). Since the drift 
is away from the correct value, it is necessary to make it smaller 


than the error signal, as was assumed initially. 


(2.6) Deductions 
(2.6.1) Gain of A.C. Amplifier. 
The gain must be sufficiently great to reduce the integrator 


drift, referred to the input of the system, to a suitably small 
value. Thus, from eqn. (9), 


Z > V,|nl; (15) 
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Fig. 5.—Steady-state conditions. 
(a) Integrator with drift-correcting signal. 
(6) Current in integrator capacitor. 

(c) Output ripple V;s. 


where J; is specified. A larger value of Z will improve \« 
response in the linear régime, but is generally to be avoijx 
since it increases the possibility of saturation by, for exe 
50c/s pick-up, and it does not improve the response in jj 
saturated régime. Thus Z should be held stable by a.c. feedbjk 
within the a.c. amplifier. } 


(2.6.2) Ratio of Vingx to V;. 

The system is designed so that the input current V,/nZ wifi 
is required to drive the integrator under the worst conditior|it 
a small fraction 1/F (e.g. 1/2000) of the maximum input curr) 
The application of maximum input would therefore ak i 


The corresponding output from the a.c. amplifier is (1 + 1 Init 
and there is no saturation if this is less than V,,,,,, i.e. if 


> (i+ HF 


This cannot always be achieved in practice, but V,,q, is m/f 
large and V, small, so that as much of the operation as poss 
takes place in the linear régime. {\ 


Vmax 


(2.6.3) Value of Vinax. 


Vinax 18 determined in practice by the voltage rating of'| 
transistor used as the output chopper. Under saturated «j 
ditions the collector receives a potential of either +V,,¢,) 
—Vmax during the unclamped periods, according to the pl} 
of the a.c. signal. It must therefore be cut off by a positive I) 
voltage at least equal to +V,,,,, and consequently it nj 
withstand at least 2V,,,., between base and collector when | 
latter is negative. The transistor is desirably a symmett} 
type having a reasonable gain in both directions, and the grea} 
base-collector voltage rating presently available is 30 volts. "| 
limits Ving, to 15 volts and a suitable design value is 10 volt 


(2.6.4) Value of R. 


It is economic to make R ~ v/i, thus equalizing the two c 
ponents of the integrator drift voltage V,. 
Reducing R below this value gives diminishing returns 
reducing V,, while at the same time increasing the cu 
1V maxl R, Which the a.c. amplifier must be able to supply dui 


te clamped periods. Increasing R above v/i, on the other hand, 
| undesirable since it increases V,. 

Leakage through the integrating capacitor contributes to i 
jad should be taken into account if substantial. Voltage errors 
| the output chopper contribute to v but are generally negligible 
| practice. Collector leakage of the output chopper in the 
it-off state has little effect since the output impedance of the 
\c. amplifier is low. 


|,6.5) Value of C. 

| The feedback capacitance, C, is chosen so as to make the 
seady-state output ripple substantially smaller than the per- 
jissible error in the output signal, e.g. less than 1% or 0-1% of 
je maximum output. Thus, from eqn. (14), 


| eS” or eee) 


= 


‘here V,, is the permissible output ripple. In systems handling 
ery small signals, noise may predominate over ripple and its 
eduction may demand a larger capacitance. 


2.6.6) Values of # and t. 


| When the input chopper is a transistor, transients due to the 
witching waveform give rise to a current offset which increases 
is mz is reduced. This effect is described in Section 3.5 and 
¢\aay determine a minimum value for nr. 

0 In designs having no d.c. amplification after the demodulator, 
ifl}} is sometimes made as great as 5 or 10, in order that 7 and 
tence the steady-state output ripple may be small. This enables 
(b> to be reduced and improves the response proportionately. 

| Any increase in n, however, requires a proportionate increase 
‘in the current nV,,,.,/R which the a.c. amplifier must be able to 
lupply, and the use of large values of n appears to be a some- 
\Mvhat uneconomic method of improving the response. The use 
‘lf a feedback integrator, on the other hand, may improve the 
im ‘sponse by as much as 100 or even 1000 times, in which case a 
inity mark/space ratio, which allows somewhat simpler circuits, 
'§ probably to be preferred. 

ml In cases where C is determined by considerations of noise, 
leducing + does not allow C to be reduced, and a value of n 
farger than unity gives only the slight advantage that the 
imclamped time is increased, thus allowing slightly increased 
Irive to the integrator. 


(2.6.7) Response with Perfect Integrator. 


| It is interesting to note the effect of using a perfect feedback 
_/ntegrator based on a d.c. amplifier having infinite gain and zero 
llrift. The output voltage would not change at all during the 
‘amped periods, and C could be made infinitesimally small. 
\(&€sponse to an error signal would therefore be infinitely fast, 
,, ind the error would be reduced to zero immediately both 
j switches were opened. The output signal would therefore 
lollow the input signal exactly during the unclamped periods, but 
there would be a time delay of maximum value 7 before input 
phanges occurring during the clamped periods could be followed. 
This is the best response which a half-wave system can provide 
wjander any circumstances. 

Although this ideal can never be reached, and a chopper 
ig3ystem would be unnecessary if it could, the use of a feedback 
integrator does permit a good response to be obtained with 
high-gain systems using low chopping frequencies. It therefore 
Seems particularly applicable when the frequency-dependent 
current drift of transistor choppers presents a problem, or where 
gjit is necessary to use a mechanical switch or other inherently 
low-frequency modulator in order to obtain a lower drift than 
«|tansistor choppers can provide. 
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(3) DESIGN DETAILS 
(3.1) Specification 

One of the more important applications of d.c. amplifiers in 
industry is the amplification of thermocouple voltages. An 
accuracy of about +1°C is commonly required, and this corre- 
sponds to a signal of about +50 pV if base-metal thermocouples 
are used, or +10 to +20 Vin the case of the platinum/platinum- 
alloy thermocouples used at the higher temperatures. 

An amplifier for this type of application should therefore be 
capable of providing full output for an applied error signal not 
exceeding about 104V. Long runs of compensating cable 
together with a filter to reduce pick-up effects may create a 
source resistance of a few hundred ohms, and the current drift 
should therefore not exceed about 10~* amp. 

The accuracy should be maintained in ambient temperatures 
up to at least 50° C, and the amplifier, should continue to operate 
with reduced accuracy up to 60 or 70°C for short periods. The 
system should be unaffected by substantial series or common- 
mode 50c/s pick-up. 


(3.2) Stabilization of Input Chopper 


In order to obtain the desired freedom from drift, the input 
chopper circuit, described by Chaplin! ? and shown in Fig. 6(a), 


f-—-——- OUT 


Fig. 6.—Input chopper. 


(a) Basic arrangement. 
(6) Circuit with bridge compensation and temperature control. 


is modified according to Fig. 6(6), and a small oven is added 
which stabilizes the temperature of the transistor to within less 
than +2°C at a nominal temperature of 50°C. The oven is a 
cylindrical aluminium block drilled to take the transistor, and 
it has a thermistor attached to one end and a heating coilwound 
on the outside. The thermistor and a fixed resistor are connected 
in series across a centre-tapped d.c. supply, and the current 
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derived from their junction controls the heater via a simple 
transistor d.c. amplifier. 

The two circuits operate in substantially the same manner. 
A stabilized base current drives the transistor on in each case, 
a stabilized voltage compensates for the voltage offset, and a 
silicon diode, D,, prevents any positive base drive when the 
transistor is off. The transistor is used with the collector earthed, 
since this arrangement reduces the voltage offset with typical 
unsymmetrical transistors. The modified arrangement has the 
advantage that a single Zener diode, ZD, stabilizes both the base 
current and the compensating voltage, whereas the other circuit 
requires two stabilized a.c. supplies of opposite phase. The use 
of a single winding with neither end earthed can give rise to 
additional transient effects due to inter-winding capacitances, but 
these are avoided by aligning the output winding with the other 
windings in such a manner that one end remains naturally at 
earth potential. 


(3.3) Voltage Drift of Input Chopper 


The voltage drift of the input chopper shown in Fig. 6(b) has 
the following main components: 


(a) If the base current is chosen to suit the average transistor 
of a particular type, but not adjusted for each individual, 
the collector-emitter voltage changes by less than about 
+3V/degC, and the drift is less than +6uV when the 
temperature is held within +2°C. 

(6) If the temperature coefficient of breakdown voltage of the 
Zener diode is below +0:004% per degC, and the transistor 
offset is 2mV, a change of +25° C in ambient temperature causes 
the compensating voltage to alter by less than +2uV. This 
figure could be reduced to +4V by using a more expensive 
Zener diode with a temperature coefficient below +0-001% 
per degC. The effect of finite slope resistance in the Zener 
diode is rendered negligible by stabilizing the square-wave 
supply within a few per cent. 

(c) The voltage between the base and emitter of the transistor 
has a temperature coefficient of about —2-:5mV per degC 
(germanium transistors) or —1-75mV per degC (silicon), and 
temperature variations of +2°C give rise to changes of +5mV 
or less. Since the Zener diode supplies about 5 volts with a 
stability of +0-1%, the transistor base current remains stable 
within about +0-2%, and the resultant drift in the collector 
emitter voltage is negligible. 


The total voltage drift, V,, of the input chopper can thus be 
held below about +8 pV in the worst case, the effects of current 
drift in causing additional voltage drift being relatively negligible. 


(3.4) Current Drift of Input Chopper 
There are two sources of current drift: 5 


(a) When the transistor is in the off condition, about one- 
tenth of the reverse leakage current of the diode D, reaches the 
base, while (in unsymmetrical transistors) less than one-tenth of 
this amount emerges from the emitter and constitutes a drift. 
Silicon diodes are now available which have a reverse leakage 
below about 10~3 4A at 60°C, and enable the resultant drift to 
be held below 10~!!amp. Similar performance can also be 
obtained by using two silicon diodes of lower quality, one 
relieving the other of nearly all its reverse voltage. 

(b) During successive clamped periods the input coupling 
capacitor charges to the residual drift voltage V, of the transistor 
switch, as shown in Fig. 7(a). The voltage drift is absent during 
the unclamped periods, and if the integrator is to receive no 
drive, a direct current V;/r, must be applied in order to develop 
a voltage V7 across the open resistance r, of the transistor. The 
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Fig. 7.—Effect of voltage drift. 


(a) Clamped period t. 
(6) Unclamped period nt. 


effect is shown in Fig. 7(6), and V,/ro is a current drift. I 
quite negligible if a silicon transistor is used, since the value 
r, at 50°C is then in the megohm region, but it may be s 
stantial if the transistor is germanium. The minimum value 
r, for the type SB101 transistor at 50°C, for example, is ab 
4 kilohms, and a voltage drift of +8 wV gives rise to a curr 
drift not exceeding +2 x 10-3yA. The total current drift 
the input chopper, J;, can thus be held below +2 x 1073 px 
a suitable germanium transistor is used. The operating te 
perature could be increased and the drift reduced by the use « 
silicon transistor, but with some increase in cost. 


(3.5) Effects of Input Chopper Transients 


The square-wave voltage existing at the base of the chop 
transistor, together with the base-emitter capacitance, ca 
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Fig. 8.—Effect of positive transient. 


(a) Unclamped period nt. 
(6) Current in C;. 
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Fig. 9.—Effect of negative transient. 


(a) Clamped period Tt. 
(6) Unclamped period nt. 
(c) Current in C;. 


alternate positive and negative current transients to flow out 
of the emitter every time the transistor is switched off and on, 
the positive transient being increased by hole-storage effects in 
the base. Both transients, whose charges are denoted Q, and 
Q,, give rise to errors which are additional to the drift effects 
already described, and which can be assessed independently of 
one another. Their effects are shown in Figs. 8 and 9. 

If the output chopper operates in exact synchronism with the 
input chopper, the amplified positive transients flow into the 
integrator and provide a false output. Assuming that they are 
not clipped by the a.c. amplifier, their effect can be exactly 
counterbalanced by a negative direct current Q,/n7 drawn from 
the input of the a.c. amplifier during the whole of each unclamped 
period, as shown in Fig. 8(a). C, and C, then remain uncharged, 
and the corresponding voltage which must be applied across the 
input chopper is 

v= —()R, (18) 
This is the voltage offset due to Q,. Since a current V,/r, is 
drawn through the open resistance r, of the chopper, the total 
current offset due to Q, is 


D eae ae 2s 2) 
> aT ro 

The effect of the negative transient, Q,, is shown in 

Figs. 9(a)-(c). At the start of each clamped period C, loses 

a charge Q,, and thus discharges over a number of cycles to 

an equilibrium potential which causes the same charge to be 
replaced during the rest of the cycle. 

Since the time-constant R,C> is short, the system reaches a 
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condition of equilibrium by the end of the clamped period, a 
finite current then flowing through C, and R,, and corresponding 
to zero output voltage. If the integrator is to receive no drive 
during the unclamped period, conditions must not change when 
the switches open, the same current flow must be maintained, 
and the input potential must remain zero. The current there- 
fore has a value 


Q, 

L, Gre De et cnc vt and (20) 
and since it must be supplied during the unclamped periods, it 
constitutes a current offset. Since the voltage which must be 
applied is zero, there is no voltage offset. 

The magnitudes of Q, and Q, are often similar, but they 
depend very much on the type of transistor and have a wide 
spread between individuals of the same type. They also depend 
on temperature, decreasing by about 1% per degC rise. Q, is 
of the order 5 x 10~!! coulomb for audio-frequency transistors 
and ten or more times smaller for high-frequency types. Thus 
the combination of a chopping frequency not greater than a few 
hundred cycles per second and a high-frequency transistor 
enables the offsets to be reduced to suitably small proportions. 
For example, if Q, = Q,=5pC, n=1, 7 = 2-Smillisec, 
Rin = 300 ohms and r,=2 kilohms, then V, = 0-6pV, 
I, = —2°3 x 10-3 uA and J, = + 10-7 pA. 

With the transistor held at a stable temperature, the offsets 
are largely stable, and the drift is negligible. 

Various other methods have been proposed for reducing the 
effects of the transients. Delaying the closure of the output 
chopper,” for example, allows both amplified transients to flow 
into the integrator, and the net effect is zero if their charges are 
equal. If the transients are clipped* at some stage in the a.c. 
amplifier, their effects may be reduced, provided that the gain 
prior to the clipper stage is substantially constant. It has also 
been suggested that the transients should be ignored, the output 
signal being observed only during those periods when the 
transients have died away. 

In every case, however, it would appear that the current 
which flows through C, to counterbalance the difference between 
Q, and Q, must be maintained at the same value throughout 
the cycle if the demodulated output is to be zero. It therefore 
constitutes a current offset which becomes zero only if Q, = Q,,. 


(3.6) A.C. Amplifier 


As shown in Fig. 10, the a.c. amplifier is arranged in two 
sections, each comprising three directly-coupled transistors with 
overall negative d.c. feedback to stabilize the working point. 
This arrangement has been described by Chaplin, Candy and 
Cole? and proves both simple and efficient. Good d.c. stabiliza- 
tion can be achieved up to at least 60°C with germanium 
transistors, provided that J, and J, have low collector leakage 
and are operated with a fairly low base current. 

The a.c. gain is closely defined by four separate a.c. feedback 
loops and the coupling resistance R,, being approximately equal 
to 

a z aa volts/ampere 
The input impedance depends on the feedback in the first loop 
and is chosen to be about 300 ohms. In order to minimize 
noise, J, is operated with a collector voltage below about 
0-3 volt, and a collector current of about 100 uA; consequently 
J, must also have low collector leakage. Transistors of the 
OC44 or GET874 type can be used for J,, J, and J4, while the 
remainder may be, for example, type GET104. 

The output stage is arranged to deliver a signal not exceeding 
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Fig. 10.—A.C. amplifier. 


10 volts in amplitude to the output chopper, and to be capable 
of supplying a peak current of 5mA at full output voltage. 

An important feature is the use of a 2- or 3-stage high-pass 
filter between the input chopper and the a.c. amplifier. If 
only a single coupling capacitor is used, variations in the base— 
emitter voltage of J, (due, for example, to changes in ambient 
temperature) may cause slowly varying currents of substantial 
magnitude to reach the input chopper, thus giving rise to a 
varying offset. In a similar manner, d.c. leakage through a 
single capacitor may cause a relatively steady offset, both effects 
being proportional to the capacitance and therefore accentuated 
by the use of low chopping frequencies. Both effects are 
reduced to negligible proportions by a suitable filter. 


(3.7) Integrator 


Fig. 11 shows the feedback integrator. Two germanium 
transistors are employed in an npn—pnp configuration which 
provides cancellation of temperature-induced changes in the 
base-emitter voltages, together with a phase reversal between 
input and output. Circuits in which the first stage is a long- 
tailed pair may give rather less drift, but require at least three 
transistors and thus present stability problems when the feedback 
capacitor is connected. Considerably better performance would 
be obtained by the use of silicon transistors, but the cost would 
be substantially greater. 

The maximum signal applied by the demodulator to the 
integrator is +10 volts, and the maximum current which flows 
through the integrating capacitor is +5mA. The d.c. amplifier 
must be capable of supplying this current, and J, is therefore 
operated with a standing collector current of about S5mA. 
However, the collector load is kept high, so that the variation 
in emitter current in the steady state is no more than +1mA 
and the associated changes in base current and base-emitter 
voltage are small. 

Transistor J, is operated with the fairly low collector current 
of 500 A in order that changes in gain, with both temperature 
and time, do not give rise to large changes in base current. The 
fall in gain arid rise in input impedance which occur if the current 
is further reduced make such reduction not worth while. 

Data for the OC140 transistor, with collector currents below 
ImA, are not yet available, and tests were therefore made on 
nine individuals in order to obtain an approximate estimate of 
the spread in characteristics. The results are given in Figs. 12(a) 


HT. - -30V 


47k 


DIRECT OUTPUT 
VOLTAGE 
Oro-5 VOLTS 
AT Oto-ImA 


FROM R 
OUTPUT 
CHOPPER 
ol 
H.T.+ 
Fig. 11.—Feedback integrator. 
Jy: OC140, { 
Jo: GET113. : 
and (6). Although the number tested is small, one of 1 


transistors had a large signal current gain at 15mA which y 
only two-thirds of the manufacturer’s minimum figure, and, 
consequence, the spread can be regarded as pessimistic. 


(3.7.1) Initial Adjustment. 


It is inferred from Fig. 12(a) that the base-emitter voltage 
J,, with a collector current of 500 wA, should remain within t 
limits 100 and 140mV at 25°C. The spread for J, is 17 
220 mV, and the difference, which lies between 30 and 120m 
is balanced by adjusting the potentiometer P, at 25°C with t 
input terminals joined together, until the output remains stea 
at about —2°5 volts. 

The nominal base current drawn by J, is 15 A, and a curr 
of this value is supplied via a fixed resistor to the base of | 
Because of the spread in gain of J,, however, the base current 
fact lies within the limits 7 and 23 uA, and a current of +8} 
may therefore flow through the 2-kilohm resistor, causing 
voltage offset of +16mV, which is compensated by Py. Wh 
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Fig. 12.—Characteristics of OC140 transistor with low collector 
current, showing spread for nine individuals. 


Ve = — 1°5 volts 
Toms = 25°C 


the unit has been adjusted, a current of 8 uA may flow between 
the input terminals when there is no potential difference between 
them, but this is of little consequence since the output impedance 
of the a.c. amplifier and the resistance of the output chopper in 
the clamped state are both low. 


(3.7.2) Drift due to Temperature Changes. 

The integrator drift voltage is that voltage which must be 
applied to the input terminals.in order to maintain the output 
at —2-5 volts. It has several components, and the estimated 
Maximum yalues of those due to temperature variations of 
+25°C are listed in Table 1. The current drifts are based on 


Table 1 


INTEGRATOR VOLTAGE DRIFT WITH TEMPERATURE 


Integrator adjusted initially at 25°C. 
Output maintained at —2-5 volts. 


25°C fall 25°C rise 


| Maximum AJ, in Jy .. 
Maximum AJ, in J, 


=3 pA 
—3 pA 
—6 uA 
—12mV 
+10mV 
—22mV 


Total 

Equivalent voltage drift a 
Maximum differential AVpe .. 
Maximum change in terminal voltage 


Asa check on the calculation, 12 integrators were checked for drift between 25 
and 50°C, six GET113 transistors being permuted with two OC140 transistors having 

and low ins, respectively. The calculated maximum drift in terminal voltage 
s 46mV and the measured value in all cases fell between 5 and 17mV. 
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the manufacturer’s upper limit for collector leakage, and on a 
temperature coefficient of gain for J; of +0:5% perdegC. This 
figure was closely approximated by all the nine transistors tested. 
The effect of variations in the collector leakage of J, has been 
neglected since it is relatively small and in a direction which 
compensates for the effect of leakage in J,. The figure for 
differential drift in the base-emitter voltages is based on experi- 
ience with other transistors and diodes. 


(3.7.3) Ageing Effects. 


The figures in Table 1 are a pessimistic estimate of the short- 
term drift caused by changes in ambient temperature of +25°C, 
but they do not allow for ageing effects. These are more difficult 
to assess accurately and can be compensated by adjusting the 
control P;. If re-adjustment is considered undesirable, however, 
some estimate must be made of the long-term drift, and it is 
tentatively assumed that ageing effects will not more than double 
the short-term drift. 


(3.7.4) Gain. 


The forward steady-state voltage gain A, of the integrator 
from the input terminals to the output is calculated at 25°C as 
follows. 

A change of +2:-5 volts in the output corresponds to a change 
of +1mA in the emitter current of J,, and of about +8mV in 
the base-emitter voltage. The small-signal current gain is 
typically about 100, and the base current therefore changes by 
about +10pA. 

That part of P; which joins the emitter of J, to the base of J, 
has a nominal value of 150 ohms, and the change in the voltage 
across it is therefore about +1:SmV. There is also a small 
change of about +1 mV in the base-emitter voltage of J;. The 
small-signal current gain of J, is typically 40, the current change 
in R is +0-25uA, and the change in voltage across R is 
+0:5mV. The change in terminal voltage is therefore typically 
+(8 + 1:5 +1-+0-5) = + 11 mV, and the gain is about 230. 
Most of the terminal-voltage change is due to the change in 
base-emitter voltage of J,, other parameters having only a 
secondary effect, and it is estimated that the gain should not 
fall below about 100 in the worst case. Thus the voltage 
required at the input terminals to swing the output by +2:-5 volts 
should never exceed about +25mV. 

Six measurements, each made using a different GET113 
transistor for J,, gave upper and lower limits of +13 and 
+10mV. 

(3.8) Performance 
(3.8.1) Response in Saturated Régime. 

Allowing for the effect of ambient-temperature variations 
between 0 and 50°C and for a minimum integrator gain of 100, 
gives V, = 46 + 25 ~ 70mV maximum. If the system accuracy 
is to be +0-1% the output ripple V,, must be several times less 
than 0:1% of 5 volts, e.g. 1mV. Hence, if R = 2 kilohms and 
7 = 2:Smillisec, we have, from eqn. (17), 


Assuming the round figure of 100,.F, the response rate in the 
saturated condition, given by eqn. (4), is 


es ewe 
ree Ue a RG 


if n=1 and V,,,,= 10 volts. This corresponds to a full 
change of output in 0:2sec. The increase in V, which may be 
expected to arise due to ageing effects causes an increase in the 
ripple, which, however, remains negligible. 


= 25 volts/sec 
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(3.8.2) Dynamic Range. 


The a.c. gain required to reduce the current drift J;, caused by 
the integrator, to the same level as the current drift of the input 
chopper (2 x 1073 A) is 


= i= = 23 volts/uA 


where V,= 46mV. A design value of 50 volts/uA allows for 
a small spread in gain of the a.c. amplifier and for ageing effects 
in the integrator. The a.c. amplifier and demodulator saturate 
when the error signal, given by eqn. (5), is 


vee 
(n+ 1)Z 


which is 25 times greater than the smallest detectable signal and 
implies a useful dynamic range. 


(3.8.3) Accuracy and Response Time. 


If the feedback resistor is made equal to 1:25 megohms, an 
input of 0-4A gives an output of 0-5 volts with an accuracy 
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Fig. 13.—Typical output waveforms. 
(a) Large 25c/s signal, C = 50 uF. 
(6) Large 10c/s signal, C = 250 uF. 
t = 2:Smillisec. 
n=1-0. 
Vinax = 10 volts. 
R = 1 kilohm. 
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of +0:1%. Alternatively, the same output is provided by a 
input of 0-10mV if series voltage feedback is employed, wit 
a feedback factor of 1/500. Larger signals can be amplified wit 
the same accuracy by increasing the amount of feedback an 
decreasing the a.c. gain in proportion. Smaller signals are on 
fied with reduced accuracy. 

If the input span is 0-4 wA, a step input change of this amoui 
causes the output to change at the limiting rate of 25 volts/s 
until the error signal is 0-1 uA, ie. 2-5% of the span, th 
process occupying 0:2sec. The response then becomes approx 
mately exponential. The time-constant (Smillisec) given f 
eqn. (7a) is comparable with the cycle duration, and it is ther 
fore necessary to use eqn. (7c), which, in this case, states that th 
time-constant does not exceed 5 millisec during each unclampé 
period. Since each period is 2:5 millisec, the error is reduced }} 
a factor of 0:7 every cycle, and falls from 2-5 to 0-1% in abo} 
10 cycles. The operation is therefore completed within 0-25 se 

Figs. 13(a) and (6) show the typical response to large sine-wa’ 
inputs of two different frequencies. Fig. 14 shows a record | 
the amplifier output, when the input is held constant and tl 
ambient temperature is varied from room temperature to 50°¢ 
As can be seen, the drift is within the calculated limits. 


(4) CONCLUSIONS i 
The use of a feedback integrator to smooth the demodulat 
output of a chopper-type d.c. amplifier enables the whole syste: 
to have a very high forward gain in the steady state and yet | 
capable of accepting large input signals with a minimum | 
saturation. 
Heavy overall negative d.c. feedback can therefore be employ 
to give a very high and stable net gain together with a fi 
response at low chopping frequencies. 
A practical design has been described which employs a ter 
perature-stabilized transistor chopper operating at 200c/s, ar 
has a drift below +10uV and +4 x 10-3pA. The gain - 
such that inputs of 0-10mV or 0-4 A can be presented as é 
output of 0-5 volts with an accuracy of +0-1%. 
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| (7) APPENDICES 


(7.1) Optimum Value of R, 


1 

In the clamped condition the input chopper has a finite 
‘resistance r, and is not able to modulate the input signal effi- 
piently if the source resistance R, is very low, which may occur 
‘when the input signal is a voltage. Since the gain is zero when 
-R,=0 and ©, there exists an optimum value of R, which 
provides maximum output. It can be shown? that the value is 


Rsopt) i /[(n + 1)r,Rin| (22) 


‘and if the actual source resistance is below this value it should 
be increased by the addition of a suitable series resistance. 


(7.2) Circuit with Input Filter 
If an input filter is included, as shown in Fig. 15, R; must be 
\included to prevent the potential of C,; from being held at zero 
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Fig. 15.—Input circuit with filter. 


by the short-circuiting action of the switch. If the latter is 
perfect (r, = 0; r, = 0©) maximum output is obtained® when 


R; (opt) = V(RsRin) (23) 


Practical considerations of filter design usually require R, to be 
at least a few hundred ohms and, if R,, is of the same order, 
Ry(opt) is sufficiently great for the effect of r, to be neglected. 
The gain of this circuit is 


1 


(24) 
1 RRin 
Pee Tred \iRy +R, + Ry) 
which may be compared with the higher value 
an (25) 
Be atl 


which is provided by the same circuit without the filter com- 
ponents C; and R,. 


DISCUSSION BEFORE THE MEASUREMENT AND CONTROL SECTION, 15TH MARCH, 1960 


| Dr. G. B. B. Chaplin: Much has been published in the past 
\concerning methods of reducing drift in transistors, but the 
instrument designer is still left with many problems. He has 
|to choose the best system for his particular application and he 
‘has also to solve many engineering problems, such as ensuring 
that the drift is not critically dependent on power supplies, and 
\that the demodulator can give sufficient power to provide rapid 
‘Tesponse. 

_ The paper presents an interesting solution to these various 
|problems and describes a practical amplifier with drifts of only 
afew microyolts and a few millimicroamperes. The authors have 
made two main decisions. The first is to control the temperature 
of the input chopper, and the second is to provide an output 
integrator with plenty of gain. 

The reason for using temperature control is presumably to 
keep the voltage drift below about 20 LV over a 60°C tempera- 
ture range. Although a silicon transistor would reduce the 
current drift to a negligible value without resorting to tem- 
. control, it would not significantly affect the voltage 

rift. 

The temperature-controlled oven and its associated controlling 
amplifier significantly increase the complexity of the d.c. ampli- 
fier, and the system can be justified only if there is no reasonable 
alternative. 

A particularly attractive solution would be for the transistor 
manufacturers to select pairs of chopper transistors in which the 
voltage drifts were matched to within 10%. Provided that the 
junction temperatures are kept within 2 or 3°C of each other, 
the differential drift should not be greater than 20V over the 
60° C range of temperature. 

With regard to the output integrator, I feel this is a very 
elegant solution to the demodulation problem, although the 


particular circuit used (Fig. 11) has a relatively large drift of 
48 mV and also requires adjustment. A simple long-tailed pair 
would have a much lower voltage drift and would not require 
adjustment. The authors have rejected the long-tailed pair on 
the grounds that there would be an extra transistor in the feed- 
back loop, but I feel that this argument is not strictly correct. 
The two transistors are not in cascade and therefore should not 
contribute a double phase shift. 

Mr. K. P. P. Nambiar: I would like to refer to some properties 
of the silicon alloy transistor in relation to its application in 
the input chopper stage. Measurements carried out on a number 
of these units show that, at 0:-5mA base current, the drift in 
saturation potential ranges from 100 to 250 V when the ambient 
temperature is raised from 20 to 85°C. At an optimum base 
current of 1mA, however, the potential drift was less than 50 wV 
in 80% of the units tested. In a batch of silicon alloy tran- 
sistors, the lowest output impedance in the off state of the 
silicon alloy transistor, under circuit conditions of zero leakage 
current, was found to be of the order of 600 kilohms at 
20°C dropping to about 320 kilohms at 100°C. Taking 
300 kilohms as the lowest impedance with any unit at 85°C, 
the current drift resulting from the variation in saturation 
potential and finite output impedance of the transistor is given 
by 1-6 x 1074A for the range 20-85°C. Thus if the potential 
drift and the off-state impedance are the important factors, the 
choice of silicon alloy transistor in the input stage would appear 
to be an appropriate solution. 

A technique for reducing the on-state potential drift with 
temperature, which we have recently tried out, is illustrated in 
Fig. A. A base switching current much lower than 1mA is 
assumed. The drift compensation results from the increase in 
resistance of the silicon resistor R,, known as the Sensistor, 
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1KQ AT 25°C 


Fig. A.—Compensation for the potential drifts with temperature by 
silicon Sensistor resistor. 


with temperature. The Sensistor resistance increases by about 
50% when the temperature is raised from 20 to 85°C, so that a 
10% drop in the saturation potential of the transistor will be 
adequately compensated by the values of R, and R, shown in 
Fig. A. The drift in potential could be reduced to within 50 .V 
in the temperature range of 20-85°C using this technique; by 


Fig. B.—Expansion of the clamping period for the suppression of transients. 
(i) Circuit. 
(ii) Transients appearing at the output of the a.c. amplifier after the amplifier time delay of t seconds, 
(iii) Input V; from the chopper waveform generator. 
(iv) Output V2 at the collector of T; for application to the demodulator. 


careful adjustment of R, it is also possible to obtain a drift of 
+10uV over a temperature range of 25-507! 

The oven temperature of 50° C mentioned in the paper appears 
to be rather low, particularly for equipments which may be used 
in tropical climates where crystal ovens in telecommunication 
equipments are invariably maintained at 75°C or above. 

My last point concerns the transients. It appears that the 
transient occurring at the instant of switching on the input 
chopper transistor can be clamped at the output by the simul- 
taneous application of the demodulator waveform to the base 
of the output chopper transistor. The transient occurring at 
the instant of switching off can be suppressed by extending the 
period of clamping of the demodulator. The extension of the 
clamping period may be achieved by the use of a gated Miller 
circuit shown in Fig. B, which is a variation of that mentioned by 
Chaplin and Owens? and designed to integrate the lagging por- 
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tion of the switching waveform. The clamping period may || 
adjusted by the choice of the potential V, or the capacitance |} 

It would thus appear that, by keeping the output chopper | 
the on state during the periods when the transients occur, it} 
possible altogether to suppress the effects of transients. } 

Dr. A. J. Maddock: The authors state that their circuit is | 
the nature of a drift-corrected amplifier. When one is us 
switching contacts of the mechanical type it is more usual } 
arrange these in change-over form so that, during the correctit} 
period, the input is disconnected and there is direct connectic 
between output and input of the amplifier giving 100% insta} 
taneous feedback, instead of passing through the rather hig 
feedback resistance as shown. Why did the authors not uj 
that system? It may be because, with the transistor switch, o1 
does not get truly open-circuit conditions to isolate the feedbac 
connection. = | 

I agree with the general level of zero stability of about 1 uV fy 
the switching circuit when using commercial types of mechani¢} 
chopper (vibrating reed). The authors say that the figure 
10V in their circuit. Dr. Chaplin indicates some ways | 
which this might be improved. I would like to ask the authos| 


(ii) 


(iii) 


+ 12V 


EV 


they go, what are the limitations giving rise to their 10V, an 
how might they attack this problem? 

Mr. E. H. Cooke-Yarborough: I would like to draw attentio 
to an arrangement* which is perhaps halfway between th 
straightforward directly coupled transistor amplifier and th 
chopper type. 

Fig. C shows the common-emitter input circuit of the du 
amplifier. The base current is made up of the two component 
shown. Any variation in the sum of these appears as currer 
drift. In recent silicon transistors I, is of the order of 10-7 uA 
and so the component J.(1 — «)/a is the dominant one. Effort 
to reduce this component by reducing J, fail when the emitte 
current is reduced below about 10 uA, because, at lower emitte 


* COOKE-YARBOROUGH, E, H.: ‘The Pulsed Direct Current Amplifier: A Metho 
of Operating Transistors at very Low Currents’, A.E.R.E. Memorandum No, 47: 
Patent Application No. P.37337/59, 3rd November, 1959. 


ty Fig. C 

a) 

‘ti currents, the carrier injection efficiency falls off, reducing the 

current gain, «. 

u This difficulty can be avoided by causing the transistor to 
eect in short pulses, the input current being stored in a 
capacitor in the intervals between pulses. One way of doing 
_ this is shown in Fig. D, short negative pulses being applied at 
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Fig. D 


| P, while the input current to be measured flows out at P,. Fora 
| given peak emitter current the mean base and collector currents 
are reduced by a factor equal to the ratio between pulse length 
_and pulse spacing. 
It can be shown that the pulse length need only be of the order 
of the mean carrier transit time across the base of the transistor. 
‘Thus, if the transistor has an « cut-off frequency of 20 Mc/s, 
the pulse length may be 10 millimicrosec, and if the pulse rate is 
| 10° pulses/sec, a hundredfold reduction in base current can result. 
| This arrangement has no advantage over the conventional 
| direct-coupled amplifier so far as voltage drift and the effect 
of J,9 are concerned, but it has the advantages over the normal 
chopper amplifier in that a faster response is obtainable and no 
demodulator is needed, since only the d.c. component of the 
| collector current need be amplified by later stages. 
| Mr. W. I. McMillan: We have been developing an instrument 
similar to the one described, but we decided to keep the sampling 
| frequency high in order that the amplifier performance would. 
not be limited by transistor noise. 

In order to compensate for the increased voltage drift due to 
switching transients we chose to use an oven with a temperature 
_ error of +0-5°C. This brings other compensations if the ampli- 
fier is being used with thermocouples as the input transistor oven 
can be used as a ‘cold’ junction, and in some cases this is very 
economical. In most amplifiers of this type a potentiometer 
chain is used to derive a voltage to balance the emitter-collector 
Voltage of the switch when closed. In order to keep the ampli- 
fier drift below 1 wV over a large temperature range it is necessary 
to keep the difference in temperature coefficient of the two parts 
of the potentiometer below 25 x 10-°. This can be a real 
_ limit to the performance of an industrial amplifier. 

_ Mr. E. P. Fowler: We have also been developing a very similar 
amplifier but have arrived at different results. As we were 
Measuring current in an ionization chamber we could tolerate 
100 V drift, and thus we never considered an input chopper 
Oven. We did, however, want to reduce the current drift, and 
So we used a silicon-transistor chopper. For the output circuit 
‘We used a long-tailed-pair first stage followed by a transistor 
having a feedback resistor connected to its emitter and the load 
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Fig. E 


to its collector. This is shown schematically in Fig. E; the 
system has an « controlled to within 10% and no overall phase 
reversal. 

At very high frequencies the gain can be reduced very nearly 
to unity and the integrating effect of the capacitor will be very 
small. For that reason, we connected another across the output 
to earth. 

With the authors’ amplifier I presume that at high frequencies, 
if the gain becomes zero, there will be no phase reversal and the 
whole amplifier may get unstable. 

By having more gain in the output amplifier we have a response 
of 17 millisec for the step function from zero to the full output 
of the amplifier instead of the large fraction of a second quoted 
in the paper. By having lower drift we do not need so much 
gain in the main a.c. amplifier, and using only three transistors 
with an open-loop gain of 1kV/uA we will have an accuracy of 
0-1% for 0-10 uA input. 

In Fig. 11, the authors refer to ‘h.t.—’ and ‘—30 volts’. 
Which is the higher? 

Mr. R. B. Stephens: It has been suggested that, because the 
thermocouples are relatively slow-acting devices, an amplifier 
having a frequency response extending from zero to a few tens 
of cycles is adequate. In fact, there are applications requiring 
a much wider bandwidth, for example in large data-handling 
systems in which common amplifiers and digitizing circuits are 
used to measure the voltages arising from a large number of 
thermocouples or strain gauges which are scanned sequentially. 

Usually a measuring accuracy within +0-1% is specified and 
the time available for each measurement may be only tens of 
milliseconds or less. In these cases, an amplifier is required 
having a drift of the order of 10 .V and a bandwidth of upwards 
of 1kc/s for 0-1% accuracy. 

I should like to ask the authors whether their relatively narrow- 
band amplifier could be used to correct the drift of a wide-band 
d.c. amplifier, so that the combination would have all the 
desirable features of the d.c. amplifier described and, in addition, 
a wide bandwidth. 

Mr. P. M. Thompson: Mr. Cooke-Yarborough brought his 
pulsed d.c. amplifier to my attention in May, 1959. It is possible 
to extend his technique to average input currents much lower 
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Fig. F.—Pulsed current amplifier. 
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than the normal leakage current of a silicon transistor by 
arranging that the transistor has no bias voltage across either 
junction during the quiescent period between current pulses. 
A circuit by which this may be achieved is shown in Fig. F. 
It differs from Mr. Cooke-Yarborough’s circuit in that the input 
storage capacitor C, is earthed, and the pulse is applied in the 
opposite sense to the emitter. The silicon transistor is operated 
with zero collector-base voltage. The emitter also is held at 
zero voltage during the quiescent period, and is raised to the 


THE AUTHORS’ REPLY TO 


Messrs. I. C. Hutcheon and D. Summers (in reply): As Dr. 
Chaplin points out, the design of an amplifier system is closely 
associated with the design of its power supplies, and with the 
methods used to solve other problems of a practical nature. 
A block schematic of the whole system is therefore given in 
Fig. G. 

Advantages of this arrangement include the ability to operate 


FEEDBACK 
INTEGRATOR 


INPUT 


CHOPPER A.C.AMPLIFIER 


OUTPUT 
CHOPPER 


COLD JUNCTION 
COMPENSATION 


200 c/s 
SQUARE - WAVE 
OSCILLATOR 


REGULATOR 
180-270V 
OR 90-135V 


(40-60c/s) 


ALTERNATIVE 
D.C. SUPPLY 
(18-30V, 0-25A) 


HUTCHEON AND SUMMERS: A LOW-DRIFT TRANSISTOR CHOPPER-TYPE 


correct potential to cause current flow when pulsed. Tt 
minimum average input current is limited by the total ba: 
current which flows during the quiescent period. A practic 
limit is about 10-5 A, which is achieved with emitter-base ar 
collector-base voltages of approximately 20mV. At this inpi 
current, a mark/space ratio of 1 : 10° would be required to rai: 
the peak base current to 1wA. Amplifier stages of this tyz 
may be readily connected in cascade, as the potentials of tl 
input and output terminals are similar. 


THE ABOVE DISCUSSION 


silicon transistor in a simple chopping circuit requiring 1 
coupling transformer. If the Zener diode associated with tl 
input chopper is also mounted in the oven, it can be an inexpe 
sive type having a breakdown voltage in the 6-7-volt region a1 
a low slope resistance. The component cost of the oven ai 
its associated amplifier is below £5, and the area required on 
printed circuit board is about 5in?. 
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Fig. G.—Complete amplifier system. 


(i) Amplifier and d.c. isolator. 


from a wide range of a.c. and d.c. supplies, and to provide almost 
infinite rejection of common-mode signals up to several hundred 
volts, a.c. or d.c. 

A possible disadvantage is the limited frequency response of 
the d.c. isolating stage. Biased-diode networks may be incor- 
porated in the feedback to correct for non-linear thermocouple 
characteristics—up to 25 volts being available for this purpose. 

We agree with Dr. Chaplin that the provision by transistor 
manufacturers of matched pairs of chopper transistors would be 
very useful. High-frequency silicon transistors would be the 
most suitable if they could be provided at reasonable cost. 

Stabilizing the temperature of the chopper transistor has 
several advantages, however. It stabilizes both the V,, of the 
transistor and the offset caused by chopper transients, and so 
allows the use of a single relatively inexpensive low-frequency 


(ii) Power supply arrangement. 


In reply to Dr. Maddock, the major residual cause of volta 
drift is a hysteresis effect in the transistor, whose offset is fou 
to change by several microvolts during the first few hours af 
a step change in temperature. If this effect is eliminated by 
preliminary soak, the whole system is stable within 2 or 3,4 
during test runs of 100 hours which include ambient te: 
perature extremes of 20° and 50°C. These results are alm«c 
certainly better than could be obtained without temperatt 
stabilization. The hysteresis effect is not fully understood a: 
merits investigation by the manufacturers of transistors intend 
for use as choppers. 

We agree with Mr. Nambiar that the chopper transistor shou 
be silicon, but feel that adjusting the temperature compensati 
provided by a Sensistor might prove a somewhat expensi 
procedure in production. The oven temperature has now be 


raised to 60°C, which corresponds to the upper temperature 
‘limit for the rest of the system when constructed with ger- 
manium transistors, and this is thought to be adequate for most 
| industrial requirements. 

Mr. Nambiar’s proposal to clamp out both transients would 
‘appear to be a complete solution only if the transients were of 
‘equal area. If they are not, a charge accumulates on the input 
coupling capacitor, and a current flows in the input circuit 
while the output chopper is clamped. If there is to be no output 

during the unclamped period, this current must be maintained 
and so constitutes an offset. 

We agree with Dr. Maddock that transistor switches would 
be inadequate for the method of drift correction which he 
describes. In the system adopted, the loop gain exceeds 2000 
and this is sufficient. 

Both Dr. Chaplin and Mr. Fowler have suggested that the 
first stage of the integrator should be a long-tailed pair. Our 
allowance of 48 mV drift includes a large safety factor, and the 
worst measured figure, including the effect of current drift 
acting through the 2-kilohm integrating resistor, was 12mV. 
We doubt whether a germanium long-tailed pair would give 
much better results. The gain of our circuit (nominally 200) 
is such that an input swing of +12mV is required to swing the 
output fully, and in this respect a long-tailed-pair circuit should 
give some improvement. We agree that the need for an initial 
adjustment would be less in a circuit using two identical tran- 
sistors with low collector currents. 

Several circuits were constructed using long-tailed pairs, and 
found to be prone to instability, but our explanation may not 
have been the correct one. 

The method of obtaining low current drift described by Mr. 
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Cooke-Yarborough and its extension by Mr. Thompson are 
most ingenious, although unfortunately not applicable to the 
measurement of low voltages. 

Mr. McMillan’s use of the oven to stabilize the cold junction 
of a thermocouple represents a useful economy, but we have 
preferred to avoid the practical problems of carrying wires of 
thermocouple material into the amplifier, and of achieving the 
necessarily higher degree of temperature stabilization. 

We have not as yet found it necessary to connect a capacitor 
across the output of the integrator, but Mr. Fowler’s argument 
on this point appears to be valid. The rather long response 
time (0:25sec) which we quoted is a function of the integrator 
performance and would be reduced to about 80millisec if no 
safety factor were allowed. A further reduction is obtainable 
if more than 0:1% ripple is tolerable in the output. The small- 
signal bandwidth is, of course, higher than the large-signal 
response would suggest, and a figure between 15 and 30c/s is 
typical for the amplifier less the d.c. isolator. 

In the reference to ‘h.t.—’ the voltage is immaterial provided 
that the specified current is obtained. 

In reply to Mr. Stevens, we see no reason why the amplifier 
described should not be used to correct the drift of a wide-band 
d.c. amplifier, and would refer him to Dr. Chaplin’s earlier paper 
in which this question was examined. There is, however, no 
necessity to use a wide-band d.c. amplifier in thermocouple 
scanning systems. A simple a.c. amplifier is equally satis- 
factory, provided that the scanning switches are arranged to 
clamp both input and output to earth at regular intervals* so as 
to reset the coupling-capacitor potentials and correct for drift. 


* Hutcueon, I. C.: ‘An Iterative Analogue Computer for Use with Resistance 
Network Analogues’, British Journal of Applied Physics, 1957, 8, p. 370. 


621,317.39 


The Institution of Electrical Engines 
Paper No. 3256 

Sept. 19 

( 


AN AUTOMATIC CONTINUOUS DENIER RECORDER FOR SYNTHETIC 
TEXTILE YARNS 


By C. D. RUTTER, B.Sc.(Eng.), R. D. WRIGHT, B.Sc.(Eng.), Associate Member, R. N. ALDRICH-SMITI 
M.Sc., F.Inst.P., and E, J. R. HEWITT, M.A., Associate Member. 


(The paper was first received 20th November, 1959, and in revised form 25th February, 1960.) 


SUMMARY 

Measuring the diameter of a fine textile filament by its electrical 
capacitance effect between the fixed plates of a capacitor presents the 
twin problems of the very small capacitance change to be measured 
and the high degree of stability to be maintained in the capacitor. 

The present instrument is insensitive to changes in the standing 
capacitance and achieves this by vibrating the yarn in and out of the 
gap. The capacitance between the two electrodes is therefore varying 
at the frequency of the vibrating yarn, and a variable capacitor is 
switched into circuit in phase with the yarn and used to balance this 
change in capacitance in a bridge circuit. The output from the bridge 
is amplified and used to drive a motor which balances the bridge by 
adjusting the variable capacitor. The movement of the motor also 
drives a pen recorder. The bridge circuit conveniently provides 
several measuring ranges and allows the measuring head to be one of 
several connected to the main instrument by long cables. 

Synthetic-fibre manufacture involves numerous identical production 
units in parallel. Monitoring and control gear is therefore fed from 
a multiplicity of transducers which must be matched, reliable and 
capable of simple routine test and replacement without upsetting their 
related circuits. 


(1) INTRODUCTION 


Continuous filament yarns of synthetic fibres such as nylon 
are produced by extruding molten polymer through a small hole 
in adie. It cools in air, solidifies and is wound up on bobbins. 
Factors such as extrusion rate and wind-up speed may cause 
undesirable variations in the line density of the finished yarn, 
and it is essential to make measurements of yarn line density at 
regular intervals, or preferably continuously. The thickness of a 
yarn is specified, for a range of materials including nylon, in 
terms of denier, which is the weight in grammes of a 9000m 
length of yarn. To monitor the denier it is necessary to measure 
the mass per unit length of the yarn, and the standard method is 
to reel off a measured length, usually 90m, weigh it and convert 
this to denier. This is a time-consuming operation only possible 
at widely spaced intervals, and since it determines the mean 
denier over a fairly long length of yarn, ignoring short-term 
variations, is of limited use for quality control. 

One method of continuously monitoring a moving thread line 
is to make use of the increase in capacitance caused by the inser- 
tion of yarn between two parallel-plate electrodes. This capaci- 
tance change has been investigated theoretically by Mack,!> 2: 34 
the latter reference containing a summary of the results. Fora 
cylindrical filament the capacitance change varies with the square 
of the filament radius and inversely as the square of the electrode 
separation: 


e—1 r 


_ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
The authors are with British Nylon Spinners, Ltd. 


Where ‘AC = Capacitance change per unit length, F/m. 
e€ = Dielectric constant of the material. 
r = Filament radius, m. 
D = Electrode’separation, m. 
€9 = 8:854pF/m. 


Thus, if the density and dielectric constant remain constant alo 
its length, the total capacitance change is proportional to t 
mass of yarn between the electrodes. The density of nylon 
such that, for a solid cylindrical filament, the denier WN is giv 
by N = 20-8r?, where r is measured in mils. The capacitan 
change per inch of electrode length, assuming the dielect 
constant of nylon to be 4, is therefore given by 


AC = 40-825 x 10~3 picofarad 
where d, the electrode separation, is measured in mils. 

In eqn. (1) it is assumed that the diameter of the yarn is smi 
compared with the separation of the electrodes, and that the ya 
is not near either electrode. When these conditions are n 
fulfilled, the capacitance change is greater than that indicated | 
the formula by an amount which increases with increasii 
dielectric constant. The error obtained experimentally is 7 
for a cylinder of dielectric constant 3 centrally placed betwe 
electrodes separated by 24 times the filament diameter. TI 
error increases to 20°% when the filament is touching one ele 
trode. Wide electrode spacing improves linearity, but gives on 
small capacitance changes. 

Most textile yarns consist of a number of separate filamer 
and not the single cylindrical filament (monofil) used in t 
derivation of eqn. (1). However, if the yarn is sufficient 
tightly twisted the individual filaments are held together to for 
a yarn of cylindrical cross-section which can be measured wi 
capacitance instruments. If it is desired to test yarn with sm: 
or negligible twist, false twist may be introduced locally into t 
yarn passing between the electrodes. 


(2) DESIGN CONSIDERATIONS 


(2.1) Degree of Stability 


This principle of measuring the capacitance has been used 
a number of instruments.* ® 7-8 However, since the capacitan 
changes caused by inserting the yarn in a gap of practical dime 
sion are very small compared with the standing capacitance 
these instruments are unsuitable for long-term continuo 
measurement of denier. For example, if we insert a 15-deni 
nylon yarn, consisting of a single filament 0-001 7 in in diamete 
between electrodes 2 in long, the capacitance increase is calculaté 
to be 0:049 pF when the electrodes are separated by 0-005i 
and 0-003 pF when the electrode separation is 0:020in. Bo 
these examples neglect the error due to the narrow-gap no: 
linearity. The standing inter-electrode capacitances when tl 
electrodes are 0-1in wide are about 10 and 3 pF, respectivel 
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Fig. 1.—Standing capacitance and increase in capacitance due to 
insertion of yarn versus electrode separation. 


Electrode dimensions 
Length: 2 in. 
Width: 0-1in, 
Standing capacitance. 
—---— Sensitivity. 


Figures are reproduced in Fig. 1 for standing inter-electrode 
‘capacitances and for increases in capacitance due to yarn/elec- 
trode separation. It will be seen that the percentage change in 
capacitance due to the insertion of yarn is very small, and any 
small increase or decrease in standing capacitance will have a 
large effect on the instrument. The stability demanded of the 
standing capacitance is of the order of 10 parts per million and 
would be impossible to achieve under normal plant conditions, 
although possible under good laboratory conditions. For this 
reason the existing instruments are unsuitable for long-term 
continuous measurement of denier, although they may be used 
for measuring and recording changes in denier occurring in 
short lengths of yarn up to a few metres. Measurement of the 
actual denier at any point in the yarn can be made only by 
setting the instrument to zero without yarn, inserting the yarn 
between the electrodes and reading the change in output deflec- 
tion. This method is used to calibrate the instrument against a 
standard yarn. 


(2.2) Moisture Effect 


Eqn. (1) is modified by the effect of absorbed moisture and by 
differing packing density of the individual filaments. In 
practice, the most troublesome change is that due to varying 
quantities of absorbed moisture.? !° This effect can be reduced 
by making the capacitance measurements at a high frequency, 
and measurements on the thickness of single fibres have been 
made at frequencies!! up to 26Gc/s. Useful results can be 
obtained down to about 500kc/s, but lower frequencies not not 
Suitable for measurement purposes because of electrostatically 
produced noise. 


(2.3) Temperature Effect 


The temperature coefficient of the dielectric constant of nylon 
is a factor giving rise to variations small enough under production 
conditions to justify merely a calibrated compensating potentio- 
Meter in the measuring circuit, this being set according to the 
Treading of a small thermometer located at the detecting head. 


(2.4) Electrostatic Noise 


Tests at 3kc/s showed that noise was very troublesome with 
monofil yarn, and with low-twist multi-filament yarn the signal 
was completely masked by noise. This noise effect disappeared 
when cotton was used instead of nylon. 
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The noise is due to the generation of electrostatic charges when 
the yarn passes over the guides, and is not dependent on the 
supplies to the measuring device, showing that the effect was 
produced by the amplification of noise and not by capacitance 
changes. The noise was not reduced by the presence of ionized 
air produced by a spark discharge or a B-ray source. The magni- 
tude of the noise made the operation of the bridge at low fre- 
quencies quite impossible, at any rate for measurements on nylon 
yarns. The noise was found to be reduced at higher frequencies, 
and at 1 Mc/s it was less than 10 4V in a bandwidth of 10ke/s. 
It was decided to use 1 Mc/s because it is the highest frequency 
suitable for normal bridge circuits. 


(2.5) Bridge Methods 


Methods of measuring small capacitance changes in existing 
instruments> ® 78 suffer from the disadvantage of having an 
electronic valve as part of the capacitance detecting circuit. 
Random capacitance changes in the valve will appear to the 
circuit as changes in yarn denier and give rise to a background 
noise level which limits the sensitivity of the circuit. Improved 
performance can be obtained from bridge circuits involving only 
passive elements, and a single bridge circuit is already in use in a 
commercially available evenness recording equipment.” 

Besides the greater stability that can be obtained, suitable 
bridge circuits have further advantages. The yarn electrodes 
can be connected as a 3-terminal capacitor with the bridge 
arranged to reject earth capacitances. Also capacitance changes 
of a convenient magnitude may be made in one part of the circuit 
to balance the very small capacitance changes between the elec- 
trodes, and only the electrodes need to be made in an extremely 
rigid manner as conventional components may be used in the 
rest of the circuit provided that the bridge elements are com- 
pletely screened. 

Bridge circuits with one or more inductively coupled ratio 
arms have been used for measuring small capacitances of the 
order of those encountered in this type of instrument; these 
circuits were first described by Blumlein,!? and the simplest 
forms are shown in Fig. 2. The great advantage of such circuits 


Fig. 2.—Form of bridge circuit with one or more inductively 
coupled ratio arms. 


is that the effect of stray capacitances can be eliminated without 
the completion of a Wagner earth. This feature has been 
thoroughly discussed by Clark and Vanderlyn.'3 The circuit- 
elements should be thoroughly screened and the screening taken 
to the transformer centre tap, which is conveniently earthed. 
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Also, there should be a low leakage inductance between the two 
halves of the winding and a low winding resistance. 

By using transformers with winding ratios other than 1 : 1, 
bridges with different ratios between the measured and balancing 
elements may be constructed. Even greater flexibility in circuit 
arrangement may be obtained by using two transformers, each 
with a number of taps.!3_ Circuits working on these principles 
have been employed to measure very small capacitance 
changes.!4, 15,16 or yarn evenness measurements, however, 
it is essential to work at frequencies above 500kc/s to overcome 
electrostatic noise, and although similar bridges have been 
operated atradiofrequencies,!” it is difficult to design transformers 
for radio-frequency operation with a low leakage inductance, 
especially when a high turns ratio is required. In practice, it is 
convenient to use a 1 : 1 transformer. 


on, 


Fig. 3.—A convenient bridge circuit. 


A more convenient circuit is shown in Fig. 3, and instruments 
designed for measuring valve inter-electrode capacitances are 
commercially available using this circuit.!®- 19202! The advan- 
tage of this circuit is that a large ratio may be obtained between 
the variable balance capacitor and the measured capacitance. 
The output voltages on the two halves of the transformer 
secondary remain equal and 180° out of phase if the leakage 
reactance between the two halves is sufficiently low and the 
winding resistance is low. The equation for balance is 


YY, — ¥4) 
i or Ie 2a) 
and assuming that all the circuit-elements are lossless capacitors 
as in the circuit of Fig. 3 the balance equation is 

Cy(C, = Cj) 
(Cy aR Cz aS C3 ++ C4) 
C, and C, may be the two parts of a differential capacitor, and 
in this case (C, ++ C) is constant and the rotation of the variable 
capacitor is directly proportional to the unknown capacitance. 
The constant for Fig. 3 is then Cal (Cy + Cy + C3 + Cy). This 
ratio can be made as small as is desired by increasing C; or 
decreasing C4. When it is desired to make the ratio very small 
C4 may become an inconyeniently small capacitance, and in this 


case a T-network may be used in place of C,. The circuit then 
becomes that of Fig. 4, the balance conditions being given by 


Cy = B(Co Ca) nat, nm ate apt aaa 
where «= GJ(C, + +C;+C) 
and B = Cg/[(l — «)C4 + Cz + Cy] 


If additional balance controls are required, networks may be 


Y, = 


(2) 


C, = 


(3) 
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Fig. 4.—Circuit of Fig. 3 modified when the ratio 
C4/(Cy + C2 + C3 + C4) is very small. 


connected in parallel as shown in Fig. 5, and the balance equatio 
for the circuit becomes 
ee VV — YO Y4%3 — Yi) 
* (% + ¥, + ¥3 + %) OF + Yo ae 
One of the two networks may be resistive, as in Fig. 5, so thé 


the conductive component of the unknown admittance can b 
balanced. In this circuit the unknown conductance is n¢ 


a: ¢ 


Fig. 5.—Bridge circuit modified to provide additional 
balance controls. 


linearly related to the potentiometer rotation, since,*whil 
(R; + R) is constant, (1/R; + 1/R,) is not, but the effect « 
this can be reduced by connecting fixed resistors in series with th 
sliders of the potentiometer so that the effective change i 
1/R; + 1/R, is small. 

If two different balance controls are required it is sometime 
convenient to connect the two networks in series as in Fig. ¢ 
the balance equation then being 


Ys — Al(% = Ys) + a(Y> ad 
where « = Y,/(¥, + Y2 + Y3 + Y4) 
and B aS Y¥3/[Y4(1 —= a) + Ys - Ye + Y; + Ys] 


Y)| . ase 


Fig. 6.—Bridge circuit with two networks connected in series, thus 
providing two different balance controls. 
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Vhen all the circuit-elements are lossless capacitors Y,, Y, and 
‘;, Y¢ may be the admittances of differential variable capacitors, 
ad we are left with « and 6 as constant range factors. 

This type of network could be extended to include further 
alance controls, thus obtaining further balance conditions of 
1e following form: 


ee lk, 0, + o(1>.— ¥,)]}... 


Tn all these circuits Y,, represents the admittance between the 
vo electrodes through which the yarn is passing. These elec- 
‘odes are mounted together in a solidly constructed and care- 
illy screened measuring head, which is connected to the rest of 
1e bridge circuit by screened leads. C, and C, (in Fig. 5) 
spresent capacitances to earth and include the lead capacitances, 
7, appears across one half of the transformer secondary winding, 
ut because the two halves are tightly coupled, the voltages on 
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amplitude-modulated or d.c. signal due to other parts of the 
circuit. The detected phase-modulated signal can then be ampli- 
fied and used to operate a servo motor driving a self-balancing 
bridge balancing the unknown capacitance change. The phase- 
modulated yarn signal can be produced if the yarn is regularly 
put in and taken out of the gap between the measuring-head 
electrodes, so that the capacitance between the electrodes is 
varying at the frequency of insertion of the yarn. ~ This insertion 
could be done manually at slow speeds or mechanically at high 
speeds, and, in practice, it is convenient to use the frequency of 
the mains supply (S0c/s). 


(3) VIBRATING-GUIDE INSTRUMENT 


Fig. 7 is a block schematic of the instrument which combines 
the vibrating guide and the self-balancing principle. This is the 
subject of British and other patent applications. 


| 
! MOTOR 


TACHOGENERATOR 


AGEN 


es 
m 50 fe ® mn 


Fig. 7.—Block schematic of the vibrating-guide instrument. 


ie terminals remain equal and opposite in phase despite the 
urrent drawn through C;, and so the balance of the bridge is 
naffected. C, appears across the input to the amplifier, and 
0 may cause a change in the output voltage but not in the 
ridge balance. In order to obtain increased sensitivity the 
iput to the amplifier may be tuned, and the amplifier input 
npedance may then be quite high even though C, may be large 
wing to long cables joining the head to the bridge. The tuned 
ircuit will need adjustment if the length of cable to the head 
; changed. 

The bridge output voltage can be used as a measure of the 
apacitance change when only yarn evenness measurements are 
squired, but the calibration is not necessarily constant, since 
1¢ Output reading is dependent on the oscillator voltage and 
1e amplifier gain, both of which may vary. These difficulties 
f stability in the measuring head and gain in the oscillator and 
mplifier circuits can be overcome if the value of AC, due to the 
arn, can be converted to a phase-modulated signal, which can 
nen be rectified by a phase detector, discriminating against any 


A normal amplifier and oscillator for 1Mc/s operation has 
been employed with the bridge circuit. Special bridge trans- 
formers using a, Ferroxcube core have been constructed to feed 
the bridge, but it has been found most convenient to use a com- 
mercially available wide-band balance-to-unbalance 75-ohm 
transformer. The bridge receives 5 volts from each half of the 
secondary winding. The amplifier has an overall gain of over 
100000 and is designed to have as low a phase change as possible 
over the pass band. A phase-sensitive detector is used, fed with a 
suitably phased reference signal, so that an output is obtained 
only with a signal due to capacitive unbalance. 

The yarn is guided in and out of the electrodes by two 
vibrating ceramic pins with V-slots ground in the top, and 
these guides are driven by a moving-coil vibration generator 
fed via a suitable transformer from the mains supply. Two 
stationary ceramic guides are also fitted to feed the yarn running 
on to the vibrating guides. When the vibrating guides are in 
their highest position the yarn is clear of the electrode gap, and 
in their lowest position it is between the electrodes. The capaci- 
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tance between the two electrodes is therefore varying at the 
mains supply frequency, and the amplitude of the variation is a 
measure of the yarn denier. 

A static balance network is used to balance the fixed inter- 
electrode capacitance. A 50c/s switch is synchronized with the 
movement of the yarn so that the dynamic balance network is 
connected into the bridge at the same time as the yarn is inserted 
between the electrodes. When the capacitance change due to 
the yarn is not completely balanced by the dynamic balance 
network, the input to the amplifier will be modulated at 50c/s, 
and the output from the phase-sensitive rectifier will contain a 
50c/s component. This is amplified by a 50c/s servo amplifier 
and controls an a.c. motor to rebalance the dynamic part of the 
bridge. The reference winding of this motor is fed with current 
phased at 90° to the vibrator and switch. The servo motor is 
also mechanically coupled to a moving-pen carriage which con- 
tinuously records on a chart the denier of the yarn. The 
system is stabilized by velocity feedback from’ a tachometer 
generator attached to the motor. The feedback voltages are 
fed into an early stage of the 50c/s amplifier. 

It will be seen that the system is similar in many respects to 
the self-balancing potentiometer recorder,!4 which has become 
the standard instrument for recording thermocouple e.m.f.’s, 
etc., and which is available in many forms. The potentiometer 
slide wire of such a recorder is replaced by a differential variable 
capacitor, and the d.c. potentiometer network is replaced by a 
1 Mc/s oscillator, bridge circuit, amplifier and phase-sensitive 
rectifier. This instrument was built around the framework of 
a standard potentiometer recorder. 


ia 
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this capacitor by eqn. (3). When the dynamic bridge is balance 
point A in Fig. 6 will be at earth potential and can be sho 
circuited to earth without affecting the static bridge balan 
If the dynamic bridge is unbalanced, short-circuiting A to eat 
at 50c/s will produce a 50c/s modulation, which, in turn, 
amplified and used to restore balance. 

The first short-circuiting switch used was a high-speed rel: 
but later a silicon-diode switch was found more convenient. 

It is desirable to have a number of ranges on the instrume 
so that measurements may conveniently be made on yarns 
differing nominal deniers. At the same time operation of t 
range switch should not alter the static balance of the brid; 
i.e. the range switch should modify « in eqn. (6) but leave 
unchanged. When C, is small, as it is in practice, B is indepe 
dent of C,. The range switch S, changes a by switching 
alternative values of C3. Small adjustments of 5C, for ea 
range are made by small adjustments to Cy. This does r 
affect B because C, is small compared with C;. 

The circuit of Fig. 8 is designed to use 1 in electrodes separat 
by 0:02in. A capacitance change of 0-1 x 10-3 pF ¢ 
denier is obtained with this head. The balance control is 
50-0-50 pF differential capacitor giving a total change 
(C, — C,) of 100pF. The static balance control is a 25—0—-25; 
differential capacitor. Full movement of this control cor 
sponds to 1 pF at the head, and f has the constant value of 1/1 
This determines the values of C,, C3 and C4, corresponding 
the five ranges provided on the instrument. Another secti 
of the range switch S, connects alternative values of R; 
parallel with the amplifier input tuned circuit, so that the char 


Fig. 8.—Bridge circuit of the vibrating-guide instrument. 


The bridge circuit used is shown in Fig. 8, and is basically a 
combination of two capacitance balance controls acting in series 
as shown in Fig. 6 with a parallel conductance balance network 
as shown in Fig. 5. The potentiometer RV, and the differential 
variable capacitor, Cs, C., form the static conductance and 
capacitive balance controls, respectively. Their setting is not 
critical so long as a constant unbalance signal does not overload 
the 1 Mc/s amplifier and phase-sensitive detector. They are 
set for a given head and need not subsequently be adjusted. 
The dynamic balance control C;, C, is another differential 
variable capacitor driven by the a.c. servo motor. The capaci- 
tance changes at the head are linearly related to the setting of 


in input voltage corresponding to a given rotation of the balan 
capacitor remains constant. Without these resistors, the ope 
loop gain of the complete 50c/s servo mechanism would chan 
with the different denier ranges, and it would not be possible 
maintain a suitably damped response on all ranges. 

It is often convenient to examine small variations in deni 
on an expanded scale, and S; provides a suppressed-zero facili 
so that it is possible to use the next more sensitive range. Thr 
switch positions are provided on S, giving 0%, —50% a 
—100% suppressed-zero ranges. Additional capacitors a 
added in parallel with the two parts of the dynamic balan 
capacitor to bring the value of (C,; + C,) to 250pF on all rang 
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o that the value of C, and the constant calibration are not 
hanged when the suppressed-zero facility is used. 

The 1 Me/s oscillator, amplifier and phase-sensitive detector 
fre conventional circuits and are made on a common sub- 
lhassis, connected to the bridge, 50c/s amplifier and power 
upplies by plugs and sockets. The amplifier uses a low-noise 
ligh-slope r.f. pentode as the input stage and two r.f. pentodes 
n the subsequent stages. Gain control is applied to the sup- 
yressor grids of the valves in preference to amplitude limiting, 
ince this was found to give less detuning of the circuits. The 
yhase detector uses two germanium diodes, and the 50c/s 
‘omponent of the rectified signal is transformer coupled to the 
nput stage of the SOc/s amplifier, which consists of an RC 
soupled pentode. This input stage is followed by two triode 
implifying stages feeding a single-ended power-amplifying stage, 
which drives the control winding of the servo motor through a 
itep-down output transformer. The velocity-feedback signal 
rom the tachogenerator coupled to the motor is fed into the 
nput of the second amplifying stage via a potentiometer which 
s used to adjust the instrument damping. 


: (4) OPERATIONAL PERFORMANCE 


A vibrating-guide denier tester has been in operation for over 
1 year. It has proved to be simple and reliable in operation, 
ind the calibration has remained quite constant. The static 
yalance of the bridge has proved to be uncritical, and both the 
‘apacitance and conductance controls seldom require adjustment. 

Long-term zero drift of the instrument is very small, being 
ess than 0-1 denier on the 100-denier range. No screening has 
yeen found necessary on the measuring head, as, unlike the 
lirect capacitance-measuring type of instrument, the head is 
maffected by stray capacitances. 

The restricted frequency response imposes the limitation that 
nly long-wavelength irregularities can be observed at high yarn- 
vind-up speeds. The response speed of the instrument is approxi- 
nately 1 sec for the full-scale deflection of 10in. In practice, 
fatiations at 1c/s of about lin peak-to-peak scale amplitudes 
x 2c/s of about +in peak-to-peak scale amplitudes can be 
ollowed when the damping is adjusted for negligible overshoot. 
he error in the response of the instrument to short-wavelength 
lenier variations will depend on the amplitude of the variations 
ind the sensitivity range used in addition to the wavelength of 
he variations and the yarn wind-up speed. 


(5) APPLICATION- CONSIDERATIONS 


The prototype instrument described has been used for investi- 
yational purposes in nylon-yarn manufacture, involving a large 
wumber of identical production units running in parallel. 
3Zecause of the reliability and robustness of the instrument 
urther consideration has been given to its wider application. 
For production quality control the main interest is in the 
mean denier over several thousand metres of yarn, but certain 
horter-term variations such as those caused by a damaged 
xtrusion pump also require to be monitored. With extrusion 
nachines which employ mechanical drives common to a number 
Mf extrusion positions it is only possible to effect automatic 
Orrective action based on the average yarn conditions. We 
nay thus envisage a number of detecting heads—one for each 
hread line—whose signals are continuously averaged before 
eing fed to a single measuring unit, which is designed also to 
orm an error signal for power amplification before this is applied 
0 a motor speed-control unit, thus completing the control loop. 
ilternatively, if the machine employed individual drives for either 
he extrusion pumps or the wind-up, the control loop could be 
plied to each thread line. 
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At present, the extrusion characteristics are such that the 
schemes outlined above, even if practicable, are likely to be of 
doubtful economic value. More consideration has therefore 
been given to the use of a detecting head for each thread line, 
permanently coupled to some central location where either 
manual or automatic scanning can take place in conjunction 
with a measuring, alarm and presentation unit. 

In view of the requirements for a relatively large number of 
detecting heads, the production design of this component assumes 
some importance. The principle features which must be pre- 
served are those affected by the permanence of the electrical and 
mechanical properties of the constructional materials. The 
dimensional stability of certain stainless steels and the electrical 
characteristics of ceramic insulation can be exploited here, 
utilizing a symmetrical form of construction allowing for com- 
plete screening and short connections to the coaxial outlet 
sockets. Most of these features can be seen in Fig. 9, where 


Fig. 9.—The detecting head. 


one screening cover plate has been removed to show the internal 
electrode arrangement. In this design a gap of 0-:02in is used, 
which gives a capacitance change of approximately 0-1 mpF 
per denier and permits a useful range of yarns to be accom- 
modated before the non-linearity between capacitance change 
and denier becomes excessive. No simple and reliable method 
has yet been found for trimming a number of such ‘detecting 
heads to a fixed standing capacitance. In any case it may be 
more convenient to achieve this, along with cable capacitance 
balancing, at a central point near the scanning switch. 

The vibration generator is a standard component giving an 
amplitude of +0-05in, and its mounting together with the 
bridge-piece holding the grooved guides has to be sufficiently 
rigid to preserve the relationship required between the yarn 
path and the electrode gap. The fixed guides should be adjust- 
able to obtain the minimum of displacement from the straight 
thread line, this, in turn, minimizing thread-line tension variation. 

The location of the detecting head on the extrusion machine 
presents some problems, the final choice being a compromise 
involving such factors as: 

(a) Accessibility for introducing the thread line and for main- 
tenance purposes. 


(b) Moisture and temperature equilibrium of the thread line at 
the point of measurement. 
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(c) Effect of tension variations due to the imposed 50c/s trans- 
verse motion of the thread line. 

(d) Protection against excessive accumulation of dust and other 
foreign matter in the capacitance gap, which would affect the 
apparent denier. 

(e) Retention of sufficient clearance to allow for the normal 
thread-line manipulations. 


These characteristic difficulties are reduced in cases where 
the machine is initially designed to accommodate such equip- 
ment, and this emphasizes one of the factors which should 
influence machine design and development. 

The vibration-generator power supply may obviously be a 
single run of twin insulated wire looped into the terminal boxes 
on each of the heads and carried in conduit; or mineral-insulated 
metal-sheathed cable may be used cleated directly to suitable 
machine members. The pairs of coaxial cables from the 
capacitance electrodes should be run separately in cable trunking, 
well protected from mechanical damage and terminated in a 
balancing connection box in or near the scanning switch. 

The scanning switch itself may be a conventional manually 
operated or automatic stepping rotary switch with low loss and 
leakage characteristics. Its rotational speed, if automatic 
scanning is employed, need only be slow, the measuring time 
spent for each detecting head being related to the process 
characteristics and the number of thread lines served by the 
central measuring unit. A time of the order of 20sec per point 
would appear to accommodate normal process-control require- 
ments, if provision is also made for overriding the scanner at 
any time to obtain a measurement of one particular thread line 
on demand. 

The presentation on the prototype is obtained by a servo- 
operated recorder with a 10in-wide chart, and this lends itself 
directly to any other form of presentation by means of a rotary 
digitizer attachment. 

The instrument has proved useful as an investigational tool 
having adequate accuracy, stability and frequency response and 
being capable of extended use as a means of routine quality 
control either by open-loop monitoring or closed-loop automatic 
control. 
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| 
SUMMARY 

| The paper deals with polyphase rectifiers in which the switching 
lement is a complementary combination of a p-n-p and an n-p-n 
tansistor. The stability conditions for the open and closed states of 
his switch are investigated graphically, leading to the calculation of the 
‘oltage drop when conducting. There is a sharp upper limit to the 
jermissible current. Tests are described on a 3-phase controlled 
ectifier. 


| LIST OF SYMBOLS 

| I, = Emitter current of transistor 1. 

| J,; = Base current of transistor 1. 

: J, = Collector current of transistor 1. 
I.9 = Collector current of transistor 2. 
| J; = Base current of transistor 2. 


| Io; = Saturation current of transistor 1, common 
collector. 
Ivo = Saturation current of transistor 2, common 
emitter. 


I; = Fictitious current flowing in R3. 

I; = Fictitious current injected at point D. 

Ig = Teg, + 4 Teo 
Jo; = Saturation current of junction Ry. 

k = Boltzmann’s constant. 

e = Electron charge. 
R, = Resistance in collector circuit of transistor 1. 
R, = Resistance in base circuit of transistor 2. 
R; = R;; it closes the base circuit of transistor 2 when 
| loop is opened. 
| R, = Resistance of junction Rj. 
| T = Absolute temperature. 
| T, = Temperature of p-n junction forming R). 
| T>, = Temperature of emitter junction of transistor 2. 
Vn“ coz = Collector—base voltages. 

Veeis Veex = Collector—emitter voltages. 
‘Voe1, Vpex = Base-emitter voltages. ~ 

0&1, &, = Current amplification factors, common base. 

&;, &, = Current amplification factors, common emitter. 
%;, %, = Current amplification factors, common collector. 


(1) INTRODUCTION 


The paper deals with polyphase rectifiers wherein the output 
voltage is controlled by the instant of firing the switching ele- 
ments. Grid-controlied arc rectifiers, ignitrons, thyratrons and 
similar devices are widely used in these circuits and a controlled 
semiconductor diode of p—n—p-n construction is now becoming 
available which will offer lower voltage drop, less weight and 
smaller size than these switches at present in use and needs no 
Waiting period to warm up before taking up its load. Fig. 1 
shows a circuit which is typical of rectifiers of this kind. 

The present paper investigates quantitatively the circuit pro- 
posed by Shockley! and applied by Déuitsch and Paz? in which 
two triode transistors operate as a controlled switch. This 
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THE DESIGN OF CONTROLLED RECTIFIERS USING TRIODE TRANSISTORS 


By E. E. WARD, Ph.D., Associate Member. 
(The paper was first received 24th October, 1959, and in revised form 11th February, 1960.) 


SWITCH SWITCH 


Fig. 1.—Rectifier circuit. 


arrangement behaves like the p—n—p-n diode in some respects, 
and under present commercial conditions the cheapness of the 
components offsets the fact that four are needed. Since, more- 
over, transistors of types which are already widely available can 
be used, the circuit is an attractive alternative to the p—n—p-n 
controlled diode. 

The triode junction transistor can control considerable power 
when used as a switch since its leakage current when open and 
its voltage drop when closed are each small. However, the 
directions of its currents are such that no passive circuit-element 
will cause the transistor to lock itself in the fully open or fully 
closed state, and an auxiliary transistor is used to give large 
amplification in a regenerative loop so that these two stable 
states are obtained. The circuit which has been studied is 
shown in Fig. 2; it uses transistors of opposite polarities and 
will be known as a ‘complementary switch’. 


(2) COMPLEMENTARY SWITCH 


In the circuit of Fig. 2 the switching transistor 1 is taken for 
convenience as having p—n—p polarity; the main load current 
flows from its emitter to its collector. Transistor 2 controls 
the base current of transistor 1 and may therefore be of lower 
current rating; it must be of n—p-n polarity. The analysis which 
follows will be based on these polarities; it may be applied to a 
circuit in which the transistor polarities are interchanged by 
reversing the directions of all potentials and currents. 

In a controlled rectifier such as that shown in Fig. 1, the 
switch elements must be capable of three stable states, as follows: 

A state; reverse voltage; switch open. 


B state; forward voltage before triggering; switch open. 
C state; forward voltage during conduction; switch closed. 
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TRANSISTOR 1 
p-n-p 


TRANSISTOR 2 
n-p-n 


Fig. 2.—Circuit of switch. 


In the B and C states the switching transistor 1 is polarized 
in its normal working direction; it is, however, equally capable 
of conducting, though with reduced performance, under the 
reversed potentials of the A state, the emitter and collector 
interchanging their functions, and in the A state the base must 
be so controlled as to prevent this conduction. The three states 
are established by the control transistor 2. 


A State.—Terminal P negative. The emitter of transistor 1 
acts as a collector, and the collector as an emitter; to prevent 
current flow, the base must be at collector potential. The 
reverse voltage is sustained by the emitter junction of tran- 
sistor | and the other electrodes of both transistors are at the 
potential of terminal Q, as shown in Fig. 3. The stressed 
emitter junction of transistor 1 passes its small reverse satura- 
tion current and the breakdown of this junction sets the limit 


of reverse voltage which the switch will withstand in the | 
state. { 


B State—Terminal P positive. The electrodes of th} 
transistors behave normally as they are labelled in the Figuri 
To prevent conduction, the base of transistor 1 must be 4 
the potential of terminal P, and that of transistor 2 at th) 
potential of Q. Thus both collector junctions are polarize} 
in the normal working sense, i.e. the reverse sense, and bot} 
must sustain the applied voltage of the B state. Both junctior| 
pass their saturation currents, but these currents are stabil 
if R, is below a certain critical value which depends on 
temperatures of the junctions. The electrode potentials ai} 
shown in Fig. 3. 


C State-—Terminal P positive. When the rectifier is worl} 
ing a trigger pulse is applied to the switch in the B state an) 
produces a transition to. the C state, as will be describe 
later; both transistors then act as closed switches. To kee 
the voltage drops between collectors and emitters low, bot} 
transistors must carry heavy base currents and their collecta 
potentials must lie between those of their respective bases an) 
emitters. Fig. 3 shows how this is possible. Since 
transistors are of opposite polarities and are connected il 
opposite senses in the circuit, the voltage drop J,R; produce) 
by the load current serves to excite both transistors; it feeds} 
heavy base current to transistor 2, carrying its base positivi) 
and this transistor, acting as a closed switch, brings the bag) 
of transistor 1 near to the potential of terminal Q; at 
same time the collector of transistor 1 is made positive wi 
respect to terminal Q by the potential 1,R,. 

This state is also stable provided that R, exceeds a certa 
critical value which depends on the values of a, and | 
and on the minimum load current at which the switch | 
required to remain closed. The potentials marked in Fig. | 
were measured for a load current of just over 2amp. TH 
Figures show that transistor 1 accounts for 760mV, 430 mj 
in the conducting path between emitter and collector and jj 
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Fig. 3.—Relative electrode potentials in millivolts. 
Upward direction positive. 
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| collector potential. The heavy base current of transistor 1 
_) when passing through transistor 2 causes an emitter—collector 
potential of 300 mV, and this brings the total to 1-06 volts. 


(3) TRIGGERING OF THE SWITCH 


| The circuit of Fig. 2 may be stable in both the open and closed 
tates and may be triggered from one to the other. 


(3.1) Stability of the B State 


1 IS Q 
1 Fig. 4.—Open-loop circuit of switch. 

| 

ance R; has been added equal in value to R; and nodal currents 
's and J; flow as shown. The potential between terminals P 
ind Q will be assumed to be unaffected by the small currents 
which flow, the collector of transistor 2 and the base of tran- 


sistor 1 being at the potential of P, and J, will be taken to be zero. 


When I, 


Pio, 1 — a, 


) x Br Al + Ie 


& Pee eet i) ti, - > ee 


‘This makes J, a linear function of J;; in practical circuits a/ 
and a; fall as J, rises and oj J¢o) is much smaller than I¢,; the 
‘relationship is shown in Fig. 5 by the dotted line. The upper 
‘asymptote of J, is that determined by the external circuit, and is 
figeneodent of I;. The intercept on the J, axis has the value 
(ep Tco2 + Ico) when J; is zero. 

| However J; is close to being an exponential function of the 
voltage drop J;R3, or if R3 is given 


I; —= R; f(s) . . . . . . (2) 


This relation is represented by the solid line in Fig. 5. When the 
loop is closed J, = J; and operation must be at one of the points 
df intersection at which eqns. (1) and (2) are both true. Of the 
three intersections, P; is unstable, and P, and P, are stable; P, 
represents the B state and P, the C state. At P, the current J, 
‘has the value OB, exceeding the intercept OA by the amount 
0513, where BP; represents J;. Eqn. (2) shows that the 
abscissae I, are directly proportional to R3, which is equal to R, 
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I, 


Fig. 5.—Currents flowing in circuit of Fig. 4. 


—---— Eqn. (1). —— Eqn, (2). 


and which, as it increases, moves the curve OCD away from the J, 
axis. In this way P, and P; close up; in the limiting condition 
when they coincide, P,; becomes unstable and operation can be 
only at P, in the C state. Thus the B state cannot be established 
if R; (being equal to R,) equals or exceeds the value which makes 
the curve AEFG an external tangent to OCD. The diagram 
shows that the critical value of R, is reduced by increasing the 
slope of the line AEF, i.e. the product aja, and also by 
increasing the intercept OA representing [o{/Iéo. + I¢o,], which 
varies markedly with temperature. Fig. 6 shows a family of 


ie) 
1:0 1:5 


cho 0:5 


I3, BA 
Fig. 6.—Stability condition for B state. 


Type V10/15A transistor with experimental n—p-n sample. 
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such curves measured for a p-n—p transistor V10/15A and an 
experimental n—p-n sample over a range of values of Ry. The 
intercept OA represents 550 uA and the tangential curve is for 
R, = 40 ohms, which is in agreement with experiment. 


(3.2) Triggering Current 


For operation as a controlled switch R, is less than the critical 
value corresponding to the intercept OA, and the B state is thus 
stable. With R, still zero the circuit may be triggered to the 
C state by injecting an external current at the point B in Fig. 2 
in the same sense as J,, thus, in effect, increasing the saturation 
current 

Ip = (& Teo + cor) 


and moving the curve AEF parallel to the J, axis until it becomes 
tangential to the curve OCD. The current needed is exactly 
that represented by the shift along the J, axis and it increases as 
R, is reduced. Fig. 6 shows that when Jp = 550A a shift of 
2-80mA is needed to make the control curve tangential to the 
curve R; = 15 ohms, and the measured value is in agreement. 

The necessary triggering current may be reduced by an order 
of magnitude if R, is made finite. For currents typical of the 
B state, the input d.c. resistance of transistor 2 may be 1 000 times 
greater than R,;. If R, has a value close to the geometric mean 
of the transistor resistance and R,, its presence will cause only a 
slight fall in J,. If, now, the external triggering current I, be 
applied at point D of Fig. 2, the corresponding point being 
marked D in Fig. 4, little change will occur in the current 
carried by R, but J; will be due to a potential 


Ro =) 

R; 
and the J, ordinates of the curve OCD are therefore reduced by 
Ig. + R,/R3). Thus since R3 = R, a given triggering current 
injected at D will producea relative shift of the curves (1 + R,/R3) 


times greater than if it were injected at B. These reduced values 
of triggering current are again in agreement with experiment. 


[Z6(Rz + R3) + IsR3] = R3 E alg 


(3.3) Stability of the C State 


The C state is represented in Fig. 5 by point P, the value of I, 
on the asymptote FG being determined by the external circuit; 
(J, + J,1) is, in fact, the load current carried by the closed 
switch. Fig. 5 shows that the positions of P,; and P; are deter- 
mined by the positions of the intersecting curves, and these, in 
turn, by R,, Js and the product «ja; of these «/, and «; vary 
slightly with the load current whilst R,; and Jp are independent 
of it. Thus a decrease in load current brings the asymptote 
FG nearer to the J; axis, causing P, to approach the fixed point 
P3. In the limit they coincide, the C state becomes unstable 
and the switch moves to P;, the B state. For a given position 
of the curve OCD representing a given value of R,, there is 
therefore a minimum load current below which the switch 
transfers to the B state, and this limiting current is the value 
which makes the curve EFG an internal tangent to OCD. An 
example is shown in Fig. 7 plotted for the same transistors as 
Fig. 6; a load current of 16mA is just sufficient to keep the 
switch closed when R,; = 10 ohms. 


(3.4) Stability of the A State 


Since the inverse voltage polarizes the emitter junction of the 
switching transistor in the reverse direction and leaves all other 
electrodes at the potential of terminal Q the switch is proof 
against operation by triggering currents of either polarity whether 
applied at point B or D in Fig. 2. 
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Fig. 7.—Stability condition for C state. 


Transistors as Fig. 6. 


(4) CONDUCTING CONDITION 


(4.1) The Resistor R, 


The potential between terminals P and Q when the switch 
carrying its rated current must be known in order to allow t 
efficiency of the complete rectifier to be predicted; further t 
currents in and potential drops across each of the two transisto 
must be kept within their safe working limits; thus an analy: 
in detail of conditions in the C state is essential. Difficult 
are caused by the large ratio of the currents in the C state 
those in the B state, and no system of co-ordinates has be 
found which overcomes them all; however, it is convenient 
combine charts such as Figs. 6 and 7 by plotting J, in line 
ordinates and J; in logarithmic abscissae. These co-ordinat 
have the further advantage that eqn. (2) would be represented | 
a straight line if it were exactly exponential. A hypothetic 
chart of this kind is shown in Fig. 8, where the curves show t 


6 


R, SMALL: 3 
C STATE VANISHES 
_o 
a 


\ R, LARGE: 
B STATE VANISHES 


Fig. 8.—Bounds of stability. 
---- Ean. (1). Eqn. (2). 


feal behaviour which would be found if the p—m junctions were 
ree of ohmic resistance and where the saturation current Jp has 
een shown to be disproportionately large in order to show the 
rends of the curves at low currents. 

Fig. 9 is a chart in the same co-ordinates showing measured 


T5,pA 


Fig. 9.—Stability condition for C state. 
Types V30/20P and OC139 transistors. 


yalues of types V30/20P and OC139 transistors; the dotted 
surve, as in Fig. 5, represents eqn. (1); similarly, the solid curves 
epresent eqn. (2); the methods described for predicting stability 
and triggering are all applicable; R, is again zero. The curves 
show clearly that conflicting requirements arise in choosing R); 
1 small value will fail to hold the C state at low currents; for 
sxample, the line ABC representing a low load current of 
[, = 0-Samp has no C state intersection with the line R; = 
)-5 ohm; but if R,; were increased to 1-0 ohm which gives a 
lefinite P, point for a minimum load of 0-5amp, the value of J, 
at the full load 2-Oamp would be destructively high; the lines 
Jo not, in fact, intersect withiri the bounds of Fig. 9. To carry 
such currents safely the auxiliary transistor would be larger than 
s needed for controlling the switch. 

An alternative to this costly choice is to hold J; roughly 
sroportional to J,. This may be done by using as the resistor 
R, a p-m junction‘ polarized in the forward direction, preferably 
shunted by an ohmic resistor to limit the rise of resistance at 
Ow currents. Since this junction diode is not subject to reverse 
voltage a unit of low commercial quality will suffice; and with 
iN auxiliary transistor of the reduced rating which it allows, it 
should prove cheaper than the alternative p-n—p transistor of 
nuch greater rating. Such a modification makes R, a function 
of J, and their product results in a value of J; shown by the 
surve DEF of Fig. 9. It will be seen that J, and J, are roughly 
sroportional, and for ideal junctions of which the p—n junction 
S at a temperature T, and transistor 2 at T,, J; will be propor- 
ional to J,7'/72, This exponent is not likely to differ greatly 
rom unity; for example, if T, = 15°C and T> = 75°C, on the 
ibsolute scale T;|T> = O- 83. 

In low-power devices where high efficiency is not important 
he same result may be obtained by using a fixed ohmic resistor 
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for R,; and a finite value of R,; this value should equal the 
emitter—base d.c. resistance of transistor 2 at about 50% of 
full load. Above this load J, will approach the value J,R,/R> 
as required; the voltage drop J, R, is, however, in the main recify- 
ing circuit and is larger than the potential required by transistor 2, 
so that the consequent losses would be acceptable in low-power 
equipment only. 


(4.2) Voltage Drop when Conducting 


Fig. 2 shows that transistor 1 is in the common-collector and 
transistor 2 is in the common-emitter connection. /; is negligible 
in comparison with J,, which is the most convenient independent 
variable. The load resistance in the collector circuit of tran- 
sistor 2 is the base—collector resistance of transistor 1, and the 
driving e.m.f. in this circuit is the voltage drop 14R;. R, will 
be assumed to consist of a p—m junction and an ohmic resistor 
connected in parallel. Using subscripts 1 and 2 for the two 
transistors and again assuming that R, = 0, we have 


TAR cot 1 Vced. = a) nO) 
Tp3 — 1m . : . . . . : . (4) 
Vier — TR, . . . . . . . (5) 


Eqn. (3) becomes clear on considering the potential diagram 
(Fig. 3). These equations are to some extent amenable to 
analysis, and the expressions developed by Ebers and Moll? 
may be substituted into eqn. (3). However, the expressions for 
V9; are in poor agreement with the measured values, an example 
of which is given in Fig. 10, and particularly in the region of 


600 


600 


400 


Fig. 10.—Relationship of base voltage and current with common- 
collector connection. 
Type V30/10LP transistor. 


operation. The discrepancies seem to be due to the variation 
of the effective base resistance as a function of the electrode 
currents and are large enough to exclude an algebraic solution 
for the operating point. The equations may, however, be 
solved graphically using the following data: 


Graph 1.—Voltage/current curve for junction diode R4. ' 

Graph 2.—Common-collector curves, emitter current/emitter 
voltage curves for transistor 1 for various constant base currents. 

Graph 3.—Common-collector curves for transistor 1 giving base 
voltage as a function of base current for various constant values 
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of collector current (the same curves in terms of emitter current are 
less convenient). A set of such curves for the V30/10LP transistor 
is given in Fig. 10. 

Graph 4.—Common-emitter curves for transistor 2 giving collector 
current as a function of collector voltage for constant values of 
base-emitter voltage. 


Taking J, as the independent variable, the calculation of the 
overall voltage drop takes the following stages: 


(a) For a given value of J, graph 1 gives the voltage I,R, 
across the junction diode Rj. 

(b) For transistor 2, J,R, is both the collector-circuit supply 
voltage and also the base-emitter voltage. Hence, choosing 
the curve for this known base voltage, graph 4 gives the relation- 
ship between J,, and V,,9. 

(c) For a given value of J, the behaviour of the load impedance 
in the collector circuit of transistor 2 may be found in graph 3. 
Thus by superimposing graphs 3 and 4, so that their voltage 
axes coincide and their current axes are separated by a voltage 
I,R,, the intersection of the curves for current J, gives the 
operating point. Base potential and base current for transistor 1 
are given at this point, as shown in Fig. 11. 


500 500 


OPERATING 
POINT 


Fig. 11.—Graphical solution for operating point. 


(d) The current at terminal P is J; = J, + J,;, and graph 2 
gives the voltage drop V,,, in the transistor for known values 
of J, and Jj. 

(e) The total potential between terminals P and Q is then 
(Veer + 14Rj)- 

A measured curve of voltage drop as a function of load 
current is given in Fig. 12 together with points calculated by the 
above method. For a typical point, taking J; = 2:25amp, and 
Vpg = 0:94 volt, the following values may be read from the 
graphs as explained above: 


die. os en bs a5 ae 2S amp 
pest oD 2 ss oe seze0.amp 
TR, 540 mV 
Vor ok Pe 6é cn .- 300mV 
Vows Wr a oe a 1. 240m Vv 
Ty Se Br Eps ae OO aN 
Veet Fiat he 400 mV 
Vea == Vas + IR, 940 mV 
Dissipation 

Transistor 1 900 mW 
Transistor 2 90 mW 
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Fig. 12.—Measured and calculated voltage drop for C state. 

; 

(4.3) Upper Limit of Current | 

In order to hold transistor 1 in the closed state so that th 
voltage drop from emitter to collector will be low, its base mus 
be held negative with respect to its collector; the constructio 
shown in Fig. 11 must therefore result in an operating poip 
lying to the left of the vertical J,, axis and OF must exceed OG 
Along the line OGF, V,,; is zero and therefore Jy = aj Ip; 
Thus OG = L,/a;’. | 
Turning next to transistor 2, its base is held at a potenti 


f 


I4R, positive to its emitter whereas its collector potential V,, 


is less than J,R, over the whole of the diagram except th 
vertical J,; axis. This transistor also is therefore in the close 
condition. However, base and collector have the same potentia 
along OFG and therefore OF = «5/3. If R, is a p—n junctior 
we may assume J; = KI, giving OF = Kea5J,. Thus if OF i 
to exceed OG the product Kaj, must exceed unity. | 

The ratios «{/ and a; both fall as J, rises, the points F an 
G close up, and, as a result, the operating point moves toward 
the J,; axis. In this region the two curves shown intersect at ; 
large angle, and there is therefore a sudden rise in the bas 
potential of transistor 1 leading to a similar rise in the voltag 
drop across it. This is shown by the measured curve in Fig. 1 
and sets an upper limit to the load current of the switch. 


(5) TRIGGERING CIRCUITS 


Conventional circuits are available which will supply a shor 
triggering pulse to determine the instant of closing each comple 
mentary switch, and details may be found in Reference 5. Thi 
base circuit of transistor 2 should be of low ohmic resistance 
and the triggering pulse may conveniently be supplied by a low 
impedance transformer winding connected in the place of Ry, a 
shown in Fig. 2. No investigations have been made of thi 
possibility of triggering by sinusoidal voltages of variable phas' 
or by direct voltages; both methods are well known (e.g. se 
Reference 2) and will have their peculiar fields of applications. 


(6) INCREASE OF POWER OUTPUT 


(6.1) Current 


No experiments have been made with transistors connected it 
parallel; it is common knowledge that current output may bi 


| 
| : 5 F . 
_ultiplied in this way provided that small resistances are con- 
ected in each collector lead with the object of equal sharing of 


jie total load. 


(6.2) Voltage 


The rectifier output voltage at zero firing delay depends only 
n the ability of the transistors to withstand the voltages applied 
> them. The conditions of stress are as follows: 


}.2.1.) A State. 


No voltages are applied to transistor 2. The peak potential 
cross the emitter junction of transistor 1 is nearly twice the 
fansformer peak phase voltage for single-phase or polyphase 
tar connection. 


5.2.2) B State. 


| Fig. 3 shows that the voltage between the switch terminals 
[ppears across the collector junctions of both transistors; this 
foltage will approach the transformer peak phase voltage. 

| In both the A and B states no load currents are flowing; the 
jutput voltage of the rectifier may therefore be multiplied by 
jonnecting transistors in series, provided that they are stressed 
‘qually by the addition of the familiar shunt resistors. However, 
he complication of providing the control for determining definite 
3 and C states for an assembly of transistors in series suggests 
‘hat it would be wiser to take several complementary switches 
yomplete and connect them in series. This has been done to the 
xtent of three in series; voltage stresses in the A and B states 
have been equalized by shunt resistors, a separate triggering 
Winding being provided on the pulse transformer for each 
switch in the chain. 


| (7) DESIGN POLICY 
| The following points need special attention: 


| The loading of the transistors is limited by their mean heat 
dissipation and also by the mean and peak currents. In a 
polyphase rectifier each switch is conducting for a fraction only 
of each cycle, and this increases the peak current which may be 
allowed for a given mean current and dissipation. A further 
limit is set by the circuit behaviour as described in Section 4.3. 

The cost of the components and the electrical performance 
are affected by the choice of the p—n junction included in R,. 
A high voltage drop across this junction will hold the two 
transistors firmly in their closed states so-that V,,, will be small, 
but the total fall in potential from P to Q may be too large to be 
acceptable. 

The stability of the B state may be controlled using the con- 
struction of Fig. 6. The value of R, to be used is that given at 
low currents by the p—n junction and the ohmic resistor connected 
in parallel with it; in practical circuits the conductance of the 
p-n junction may be negligible. The values of Jj), and [¢,, 
should be taken for the highest permitted junction temperatures. 

Questions of rating and protection from overload were not 
included in the investigation, but they are of primary importance 
since the component transistors of a complementary switch have 
small thermal time-constants. Solutions of these problems 
based on experience with diode rectifiers have been published® 7 
and should be studied. 


(8) TEST RESULTS 


Complementary switches have been used in a 3-phase rectifier 
connected according to Fig. 1. The transistors were types 
V60/30P and OC139; performance data measured on similar 
components are given in Figs. 9, 10 and 11. Two-ohm resistors 


ae 
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were shunted across the p—n junctions to form R, and the resis- 
tors R, were replaced by the pulse-transformer output windings. 
The pulse was roughly triangular, of peak value 0-5 volt and 
base duration about 1-5 millisec; a rotary phase-shifter was used 
to give an adjustable firing delay of up to 120°. The star- 
connected transformer was a standard laboratory unit consisting 
of three variable transformers ganged on a common shaft, and 
was supplied at 50c/s at a voltage well below its rating in order 
to preserve a sinusoidal waveform. The output direct voltage 
of this circuit was limited by the voltage rating of available 
commercial transistors, particularly those of n—p-n polarity, to 
about 11 volts; curve (c) of Fig. 13 represents the performance 


2-0 
Vpq? VOLTS 


Fig. 13.—Measured voltage drop in C state. 


of the switches, and the average direct current was held at about 
4amp. Voltage control by delaying the firing pulse operated in 
the normal way. 
Fig. 13 shows the voltage-drop curves of several switch 
arrangements: 
Curve (a).—The switching transistor was of type V60/30P and the 
controlling transistor was a sample of type OC139 chosen as having 
a low value of «’. Ry was a 2-ohm wire resistor in shunt with the 
collector junction of a V30/10LP transistor. For the collector 
junction the terminal voltage was in approximate agreement with 
the equation 


ene. (1 er ix) STR; 
@ Io1 


Io, ~ 170 vA 
Ry ~ 0:03 ohm. 


in which 


Curve (b).—The same transistors were used as for curve (a); the 
p-n junction was now the emitter junction of the same transistor, 


giving 
Io, © 115 uA 
Ry ~ 0:08 ohm 
At a current J4 of 3amp the effect is to increase the potential fall 
across R; by 210mV. The Figure shows that the overall voltage 


drop and the upper limit of current have both risen. 
Curve (c).—The switching transistor was the same sample of type 
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V60/30P, the p-n junction was the emitter junction of V30/10LP 
type and the low «’ sample of type OC139 was replaced as the 
control transistor by one of high «’. The voltage drop at low 
current is still greater than for curve (a), but the upper limit of 
current shows a further considerable rise. 

Curve (d).—Two type OC139 transistors, each of high «’, were 
connected in parallel. Otherwise the circuit was as for curve (c). 
The voltage drop is lower throughout, and the upper current limit 
is higher than in any of the previous curves. 

Curve (e).—The switching transistor was unchanged. The p-n 
junction was the collector junction of type V30/10LP; the controlling 
transistor was a power output unit of type GT424 taken at random. 
This curve represents the best performance in the C state obtained 
during the investigation. The upper limit of current is well above 
the maker’s rating for the switching transistor. 

Curve (f).—This represents a switch of the opposite polarity; the 
switching transistor was now of type GT424, the controlling tran- 
sistor of type V60/30P and the p-n junction was the collector junction 
of type V30/10LP. The upper limit of current was not measured 
but is well above the maker’s rating. 
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Fig. 14.—Reverse current in A state. 


Fig. 14 shows the behaviour of the complete switch under 
reverse voltage in the A state; the two curves shown were 
measured on the same components as the corresponding curves 
of Fig. 13. 
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(9) CONCLUSIONS 

The paper describes some elementary properties of controlle| 
rectifiers using triode transistors and shows some design method! 
The output currents and voltages of these circuits are determine} 
by the properties of the transistors which are obtainable. Aj 
present it is possible to equal the current output of some p-n-p-} 
diodes, but these latter have a roughly twofold advantage 
inverse voltage. However, until there is a change in the relatiy) 


selling prices, which must all be regarded as tentative for sem) 


conductor products, the complementary switch shows a perhay} 
transitory but still considerable economy in first cost. ; 
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SUMMARY 


During life test, Post Office underwater-repeater valves and other 
ceiving-type valves exhibit a blue luminescent pattern on the inner 
irfaces of the anode. The nature and some of the properties of the 
(minescent material are examined, and it is concluded that the actual 
‘\aterial is barium and/or strontium oxide transferred from the cathode 


(1) INTRODUCTION 


|| During the life testing of Post Office submarine-repeater 
alves'»? it has long been observed that parallel bars of blue 
Iminescence are visible on the inner surfaces of the bright 
ickel anodes. Furthermore, the intensity of this luminescence 
‘as seemed to be at a maximum at the beginning of life, decreasing 
ith operating time. Similar effects have been observed in 
‘ommon receiving valves, and it is probable that the phenomenon 
/;a general one. The object of the present paper is to inquire 
ato the nature of the luminescent process and to see whether it 
las chemical implications which might affect the life of an oxide 
athode. 

| The phenomenon itself can be described in a few words. 
‘he blue luminescent area on the anode has the overall size 
md shape of the oxide-cathode emitter, with the transverse bars 
ery obviously resulting from the shadowing action of the 
juppressor-grid wires. If the electron beam is deflected by 
heans of a magnet, the blue pattern on the anode moves, showing 
hat the whole surface is capable of luminescence wherever 
ilectrons strike it. 

It will be shown that this luminescence is due to a film of active 
naterial on the anode. The experimental work has been carried 
dut using coatings composed of single oxides of barium and 
\trontium and of the equimolar double barium-strontium oxide 
»repared from the co-precipitated carbonates. Ammonium- 
»ecipitated carbonates were used throughout the work. 
| j 
| 
(2) THE LUMINESCENCE OF SPRAYED OXIDE 
: COATINGS 


An obyious source of active material is the cathode coating, 
Which usually consists of double barium-strontium oxide. That 
such an oxide does exhibit luminescence when bombarded by 
electrons (i.e. cathodoluminescence) has been mentioned by a 
fumber of authors. Head? coated the screens of cathode-ray 
tubes with samples of many oxides, and obtained a yellow 
luminescence from strontium oxide but none from barium oxide. 
Aitchison,4 among others, has referred to the luminescence 
ffom active cathode coatings as having a pale blue colour, 
fading as the temperature is increased to 700°K. Stout,> Noga 
and Nakamura,® and Gandy’ have studied-variations in the 
details of the band spectra of the luminescence during thermal 
activation of the oxides. 

In order to have direct evidence of the colour to be obtained 
with the various oxides used in Post Office valves, special valves 
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were constructed with two rectangular box-type cathodes, 
mounted facing each other and having independent heaters. In 
order to avoid any possible side-effects due to oxide from one 
coating contaminating the other, the two coatings were always 
of the same type of oxide. The coatings were applied by spray- 
ing as carbonates, which were converted thermally to oxide in 
the usual manner. The valves were gettered and sealed and then 
examined in total darkness. A potential of 150 volts was applied 
between the two cores, and the temperature of the negative core 
was increased until an electron current of between 1 and 10mA 
flowed through the tube (i.e. current densities of about 
24-25 mA/cm?). 

Coatings of the single barium and strontium oxides were 
examined, as well as the standard double barium-strontium oxide. 
All three types of coating behaved in a similar manner, and 
except where specially noted, all the colours described below 
were observed on specimens of each type. The standard core 
material for these experiments was 4°% tungsten-nickel, but 
similar experiments were made with coatings sprayed on to 
substrates of platinum, molybdenum, pure nickel and O-nickel 
alloy. No real differences were observed between the lumines- 
cences of coatings on these various substrates. 


Table 1 
THE LUMINESCENCE OF BARIUM AND STRONTIUM OXIDES 


Condition Colour changes with activation increasing from left to right 


Hot None Light blue | Blue 


Royal blue 


Cold or purple 


Yellow | Blue-green 


Blue | 


The colour of the cathodoluminescence was found to depend 
upon a number of factors, and was either yellow, green or blue. 
Spectroscopic examination of the light revealed a broad band 
spectrum with no detectable lines. A rough classification of the 
colours is made in Table 1. Because of the number of factors 
influencing the luminescence, no attempt has been made to define 
the parameters very precisely. However, the ‘cold’ regime 
extends up to a temperature of 600-700°K. The luminescent 
activation of the coating depends both upon its physical structure 
and upon the processing of the valve on the pump. Areas of 
coating much thicker than usual, because of overlapping of 
sprayed areas or the clumping of sprayed particles, tend to be 
much bluer than the surrounding areas. A high pressure (of 
carbon dioxide) during decomposition also increases the activity 
of the luminescent coating. The initial activation may subse- 
quently be increased, at least temporarily, by the passage of 
current and decreased by overheating the coating. The royal 
blue and purple mentioned in Table 1 were quite uncommon, 
being observed only on a very small number of strontium and 
double-oxide coatings respectively. No similar colour was 
observed on any of the barium oxide coatings. Apart from 
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these small differences, the three types of coating behaved in a 
very similar manner. 

The usual colour sequence observed in a new valve was as 
follows. The colour on first applying the anode voltage was 
usually yellow or—in a smaller number of valves—green-blue. 
Continued passage of current both activated and heated the 
anodic coating, and the luminescence diminished in intensity 
and changed in colour, becoming a rather pale and unsaturated 
blue. With an applied potential of 150 volts and a current of 
about 10mA (i.e. about 25mA/cm?), the sequence of colours 
was complete within one or two minutes. 

When the current was allowed to flow for several hours the 
blue colour became deeper and more saturated. Such continued 
passage of current through the coating eventually produced a 
visible stain on the white oxide. The colour of this stain was 
blue on the strontium oxide, grey-blue on the double oxide and 
grey-brown on the barium oxide. When the electron stream 
bombarded only part of the oxide coating the stain could be 
seen to correspond exactly to that part of the coating which was 
luminescent. When the electron stream was deflected mag- 
netically, the luminescence of the stained area was seen to be of 
a much darker and bluer colour than that of the nearby oxide, 
which had been receiving comparatively few electrons. When 
the anodic coating was heated the stain disappeared. On 
reapplication of the anode voltage the luminescence was seen to 
have reverted to its original yellow colour. As current continued 
to flow the yellow turned blue and the stain slowly reappeared. 

Eventually the glass envelope was cracked to allow air to 
enter. The stain on the oxide coating disappeared instantly, 
and was consequently identified as metallic barium or strontium. 
To determine whether this free metal had originated in the anodic 
or cathodic oxide layers, the experiments were repeated using a 
hot tungsten filament as the source of electrons. The stains 
which appeared were identical with those in the earlier experi- 
ments. It was also shown that, if the electron stream was 
deflected by fastening a small permanent magnet to the side of 
the envelope, the stain appeared only in those areas of oxide 
bombarded by electrons. It was therefore concluded that the 
stains were produced by the breakdown of the oxide when 
bombarded by electrons. 

Experiments were carried out to detect the evolution of 
oxygen which would be expected to accompany the breakdown 
of the oxides. The experiments were made difficult by a 
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Fig. 1—Gas evolution caused by electron bombardment of 
barium-strontium oxide. 
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tendency for oxygen ions to become trapped in the system. A} 
normal operating temperatures the oxide matrix itself absorb} 
oxygen, and ions are also trapped in the electric field betwee 
the electrodes. 5. 

The experimental valves consisted of double-ended glas| 
envelopes with a Bayard—Alpert ionization manometer in one en}, 
and two oxide-coated cathodes in the other. In order to redu 
the absorption of gas by the oxide matrix, the cathode wa 
maintained at a higher temperature than usual, about 1 100°K} 
The pressure was allowed to reach an equilibrium state while thi 
anodic core was also maintained at this temperature by electroj 
bombardment (approximately 22mA of current at 160 volts) 
The anode voltage was then removed and the temperature o} 
the anodic core was maintained constant by its internal heater) 
The equilibrium pressure in the valve was immediately observe 
to fall. An example-of this is shown in Fig. 1. This rap) 
fall in pressure is attributed to a decrease in the rate of evolutioy 
of oxygen from the oxide on the anodic core. A similar fall ii} 
pressure was observed when the experiment was repeated witl} 
a similar valve in which the source of electrons was a heates 
tungsten filament. 


(3) INTERPRETATION OF RESULTS WITH SPRAYED 
COATINGS 
It is supposed that in the absence of free barium or strontiur 
the oxides fluoresce under electron bombardment, with | 
yellow colour. The presence of a small quantity of free bariur| 
or strontium provides the additional activation centres whic] 
are necessary for the blue luminescence. This excess barium} 
or strontium may already be present throughout the matrix aj 
a result of the chemical processes occurring during the break 
down of the carbonate. Free metal may also be produced oj 
the surface of the matrix by electron bombardment. 
breakdown of barium and strontium oxides in this manner ha 
also been described by Woods and Wright,’ and Wargo an 
Shepherd.? The liberation of excess free metal in an oxidi 
phosphor causes a reduction in the luminous efficiency 0} 
the phosphor—the so-called ‘electron burn’ described 
Garlick.!® !!_ This was confirmed in the present xpenmial 
where the cathodoluminescence was always less bright in thos‘ 
areas of the matrix with a visible deposit of barium or strontium! 
If the oxide layer on the anodic core is completely inactive 
with virtually no free barium, its electrical conductivity is lo’ 
and its luminescence is yellow. In this condition the surfac 
of the matrix may accumulate electrons faster than they cai 
leak away through the matrix. Incoming electrons will then be 
repelled by the negative charge on the surface of the oxide anc 
will be able to reach the anode only at an uncoated area. Suct 
a phenomenon has been observed with oxide coatings whict 
had been overheated to dissipate the free barium and whicl 
were bombarded with 70-volt electrons. The yellow area becamsé 
covered with non-luminescent patches which spread to cover the 
whole coating except for the very thin layer at the edge of the 
sprayed coating. The effect disappeared when the appliec 
voltage was increased. This increased the temperature anc 
consequently the conductivity of the coating, as well as increasing 
the secondary electron emission from the oxide, and so allowec 
the surface charge to leak away. Similarly, the dark patche: 
disappeared if the anodic core was heated merely by means 0} 
the insulated internal heater. ‘ 


(4) THE LUMINESCENCE ON UNCOATED ANODES 
Simple experimental assemblies were used to examine the 
luminescence on unsprayed anodes similar to those of pentodes 
these assemblies consisted of two plates mounted on either sid¢ 


"a standard cathode. The valves were pumped according to a 
\andard processing schedule, based on that used for production 
ipeater valves, so that all the assemblies had the same treatment. 
The anodes were heated by r.f. induction both before and 
\fter thermal decomposition of the carbonates of the cathode 
dating. This decomposition was carried out using the same 
|me and temperature sequence used for production pentodes. 
lhe tubes were gettered, sealed and based and then examined 
' complete darkness. With the anode at +150 volts the 
" »mperature of the cathode was slowly increased until a current 
f about 5mA was flowing (i.e. a current density of about 
mA/cm?). This was sufficient to make any luminescence 
isible without overheating the anode. 

A number of these valves were examined in order to compare 
he cathodoluminescence with that of sprayed coatings of 
jarium or strontium oxide. The luminescence on the unsprayed 
jnodes took the form of a patch of colour, opposite the centre 
\f the cathode. In most of the experiments the initial colour 
if this luminescence was a pale blue, although in some valves 
he initial colour was yellow, rapidly turning blue with the 
jyassage of current. After this initial colour had been observed 
he anodes were heated by r.f. induction to 1100-1 200°K for 
40sec and then allowed to cool. .When the valves were 
‘e-examined the cathodoluminescence was then either yellow or 
green-blue. The passage of current rapidly restored the blue 
uminescence. 

_ The behaviour of the luminescent material on the anodes was 
hus very similar to that of the sprayed oxide coatings. To 
confirm the presence of thermionically active material the 
jlectron current through one of the valves with an uncoated 
tungsten-nickel anode was increased so that the temperature of 
the anode was increased by bombardment to about 1000°K. 
ee polarity of the anode voltage was then suddenly reversed. 


For a few seconds as the anode cooled, sufficient electrons were 
mitted from it to produce a bright blue area of luminescence 
on the oxide-coated cathode. 

| It was thought that the nature of some of the other components 
in the assemblies might have some influence on the luminescence 
or on the transfer of material from the cathode. Some of the 
‘components were examined in the experiments summarized 
below: 

| Cathode Core.—When cathodes of tungsten-nickel and 
platinum were used, the cathodoluminescence produced on the 
‘anode was as described above. When O-nickel was used for the 
cathode core the luminescence was very similar, although initially 
somewhat more active. The luminescence did not exhibit any 
yellow phase. 

_ Coating Density.—There was no difference in the colour of 
luminescence produced on the anode by cathodes of various 
densities, but coatings of an open texture with low density 
appeared to transfer more material to the anode than did smooth 
high-density coatings, which took much longer to decompose 
from carbonate to oxide. 

Binder.—Normal cathodes contain an organic binder to hold 
the particles of carbonate together. While this binder should 
decompose or volatilize during the baking of the valve during 
pumping, it is possible that residual traces might be responsible 
for some of the observed cathodoluminescence. Some cathodes 
were therefore sprayed without binder, using only a suspension 
of barium carbonate in methyl alcohol. Although the coating 
SO produced was very thin, the cathodes behaved in a manner 
very similar to standard cathodes. When bombarded, the initial 
yellow luminescence turned successively green and then blue. 
When these cathodes (on both tungsten-nickel and platinum 
cores) were used between plain molybdenum anodes, the usual 
pale blue luminescence was produced on these anodes. 
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Anode Materials—A number of different pure metals were 
used as anodes,* and the blue luminescence appeared to be 
identical on all of them when the valves were directly compared. 
Several nickel alloys were also examined. Whereas the tungsten- 
nickel behaved in the same manner as the pure metals, the 
behaviour of the more active nickel alloys depended on the 
processing of the anode before assembling into the valve. 
Simply degreased, the anodes behaved as described above, the 
appearance of the luminescence being just as on the pure metals. 
Heating the anodes to red heat deactivated the luminescent layer 
on all of the metals mentioned, except for titanium and a nickel 
alloy containing about 0:2°% of silicon. After heating the anode 
the colour of these two remained blue, whereas that on all the 
others was initially yellow or green-blue, becoming blue again 
only after the passage current. 

The behaviour of the active nickel alloys was quite different 
if the anode processing had included any hydrogen stoving. 
Anodes treated in this way became luminescent over the whole 
surface, the colour being initially pale blue and becoming purple- 
red after heating. This behaviour is attributed to the formation 
of luminescent oxides of magnesium and silicon on the surfaces 
of the anode. Experiments with oxidized pure nickel failed 
to show any luminescence which could be attributed to the 
nickel oxide. 

From these experimental data, it is concluded that the 
luminescence on the anodes of simple diodes is due to the 
presence on the anodes of active cathode-type material. It is 
reasonable to assume that the luminescence on the anodes of 
pentode repeater valves has the same origin, although the more 
elaborate pentode pumping and ageing schedule will affect the 
initial activity of the layer of oxide on the anode. 

The layer of oxide must have been transferred during the 
processing of the valve. The cathode is very hot during part of 
the processing and some oxide will be evaporated. However, 
it seems probable that much of the transfer takes place during 
the decomposition of the cathode coating when the rate of 
evolution of carbon dioxide is very high, possibly by very fine 
particles being carried directly from the surface of the oxide to 
the anode. The amount of material transferred depends upon 
the porosity of the sprayed coating, the temperature of the 
cathode, and the rate of evolution of carbon dioxide. A transfer 
mechanism depending upon the evolution of carbon dioxide 
would explain why subsequent attempts to evaporate more active 
material had comparatively little effect. When a processed 
cathode was taken through the complete time and temperature 
sequence as used during the decomposition of the carbonate, 
there was little increase in the intensity of the luminescence on 
the anode. 


(5) CONCLUSIONS 


It has been shown that the blue luminescence on receiving- 
valve anodes indicates the presence of a film of barium and/or 
strontium oxide, activated by small amounts of excess free barium 
or strontium metal. The luminescence itself can have no dele- 
terious effects on the valve, but the presence of the oxide on the 
anode might have some such effects. 

The layer of oxide will be slowly decomposed by the continuous 
bombardment of electrons. Although some recombination will 
take place, some barium, strontium and oxygen must be released 
into the valve. This slow evolution has been shown to have a 
negligible effect on the behaviour of receiving-type pentodes, by 
comparing the life test results for standard valves with those for 
experimental valves whose anodes were mechanically screened 
during decomposition and activation of the cathode coating. 


* Platinum, molybdenum, tantalum, titanium and pure nickel. 
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The presence of the luminescent oxide layer on the anodes of 
receiving-type valves is therefore not considered dangerous to 
normal operation of the valves. 
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An expression for the magnetic excitation inside a cylindrical thin- 
film ferromagnet is derived, and a Table of computed values is given 
The results are considered to be relevant to work on thin ferromagnetic 
films for digital-storage applications. 
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The thermo-electric power of an oxide cathode has proved to be a 
complex function of temperature, dependent on the dual nature of 
oxide-cathode conductivity. The authors show that an apparently 
complex form of behaviour is, in fact, the result of the superposition 
of two quite simple phenomena. Two parallel-acting thermo-electric 
power functions are involved, and each of these is invariant with 
temperature and temperature gradient. The two functions are 
physically separated and each is measured ‘over an appropriate 
temperature range. The larger function, 2-0 — 3:OmV/degC, is 
associated with the vacuum movement of electrons through the 
hollow pores of the oxide matrix; the smaller one, 0-5mV/degC, 
occurs in the chains of contiguous solid particles of the matrix. It is 
concluded that a temperature gradient through an oxide matrix leads 
to a continuous circulation of current, vacuum-wise in one direction 
and solid-wise in the other. 
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Monograph No. 398 E. 
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Resonance curves of an oscillator with two degrees of freedom and 
the criteria of stability of the synchronized state are determined 
theoretically by van der Pol’s method of approximation and verified 
experimentally by an electronic differential analyser. An experimental 
method for obtaining the phase trajectories, and characteristics of 
oscillations outside the zone of synchronization, are also described. 
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It is shown how networks with imposed unilateral constraints, i. 
transmittances and voltage sources, can conveniently be analysed 1 
matrix methods. Their admittance matrix is equal to the product | 
a submatrix of the admittance matrix before the application of tl 
constraints and a transmittance matrix which describes the contrain# 
Constraints lower the rank of the original admittance matrix, thi 
making the method quite attractive in practice. Applications includ 
are a computing network, difference amplifiers, a d.c. amplifier ar} 
signal-flow graphs. 
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Band-Pass Amplifier Circuits. Monograph No. 400 E. 


R. A. Wooprow, B.Sc. 


A procedure is described for the design of wide-band band-pa! 
amplifiers using either stagger-tuned stages or a chain of feedbaq 
pairs to realize Chebsyhev or Butterworth response shapes. 

A graphical test has been developed by which it is possible to verif| 
at the outset, that a given design specification is a realizable on 
This reveals certain fundamental limitations which are imposed upq 
the response shapes by the choice of these circuit configurations. 

An example demonstrating the application of the procedure to| 
design problem has been included to demonstrate that the procedu! 
for a Chebyshev response is no more complicated than for a Butte 
worth response, neither is any additional complication introduced t 
increasing the number of singularities in the desired response shaj 
ean the first pair, since each pair of singularities are sepa 
realize 


Application of the Theory of Orthogonal Polynomials in Two Variabl 
to a Multi-gain Equivalent Linearization Problem. 
Monograph No. 401 M. 


J. L. Brown, Jr., Ph.D. 


It is shown that the multi-gain representation for a single-valué 
non-linearity with multiple inputs as developed by Somerville ar 
Atherton may be regarded as an approximation problem involvir 
orthogonal polynomials in two variables. 

Consider two random processes, x(t) and y(t), possibly correlate/ 
with a given second-order joint probability density, p(x, y). If tt 
input to a specified, zero-memory non-linear device having input/outpt 
characteristic vo(t) = f[vi(4)] is x(t) + y(), then the relevant pol 
nomials satisfy orthonormality conditions over the x-y plane wi 
respect to p(x, y) as weighting function. An inherent minimui 
property of these polynomials then allows the equivalent gains to t 
determined directly in terms of the expansion coefficients of f(x + . 
with respect to the polynomials. When x and y are uncorrelated, tt 
gains reduce to the values previously obtained by Somerville an 
Atherton. 
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TEES-SIDE SUB-CENTRE . . . W. K. Harrison RUGBY SUB-CENTRE. NE 2 pet aes oO 
NORTH-EASTERN CENTRE. . . J. F. Skipsey, B.Sc. SOUTHERN CENTRE. 0) mg OSS ee a 
NORTH MIDLAND CENTRE E. C. Walton, Ph.D., B.Eng. : - . . JE. Brunnen 
SHEFFIELD SUB-CENTRE . . . F. Seddon WESTERN CENTRE (BRISTOL) .  . A. H. McQueen’ ’ 
NORTH-WESTERN CENTRE E.G. Taylor, B.Sc.(Eng.) WESTERN CENTRE (CARDIFF) . . .E. W.S. Watt 
NORTH LANCASHIRE SUB-CENTRE. . ‘H. Charnley WEST WALES (SWANSEA) SUB-CENTRE  O. J. Mayo 
NORTHERN IRELAND CENTRE . . G. H. Moir, J.P. SOUTH-WESTERN SUB-CENTRE . . . W.-E. Johnson 


Members are asked to bring to the notice of the Court of Governors any deserving cases of which they may have knowledge. 
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